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ABSTRACT
Anaerobic digestion of an alkaline food waste for
methane production was investigated.

The waste generated

by potato processing contained significant quantities of
carbohydrate degradation products and sodium carbonate.
Anaerobic digestion was determined to be a reliable pro
cess for waste treatment and methane production.

The high

sodium levels did not inhibit anaerobic digestion at a
substrate concentration of 1.0 wt % alkaline peel solids.
Single and two-stage (separate acid, methane stages) anaer
obic digestion systems were studied.

In two-stage bench-

3
scale studies at 37°C, methane production averaged 0.28 m •/
3
3
kg COD feed or 0.65 m /(m *d) in a settled bacterial sludge
methane fermenter with a 4-day retention time.

The effect

of temperature on methane production was found to follow an
Arrhenius relationship, with an activation energy of 92.1
kJ/mol.
A pilot-scale anaerobic digestion system with a 15.4-m

3

fermenter demonstrated the feasibility of a proposed anaer
obic pond system for a food processing plant.

With a 1.0 wt %

alkaline solids feed and a 9-day retention time, methane pro3
3
3
duction averaged 0.16 m /kg solids or 0.18 m /(m *d).

Vari

ous modes of operation, including single and two-stage fer
mentation, and continuous and semi-continuous feed, resulted
xi

in similar performance.

Reaction rates were found to follow

zero-order kinetics, and averaged 0.6 kg COD/(m *d).

The

methane fermenter was very sensitive to temperature fluctu
ations, but insensitive to feed variations.

A sensitivity

model of the fermentation illustrated these results.
A novel process for single cell protein production via
the acid stage of anaerobic digestion was explored.

Bacter

ial cell and protein yields of 0.18 and 0.09 kg/kg glucose
consumed were obtained at a retention time of four hours.
Organic acids produced included a high proportion of butyric
acid, along with acetic, propionic and iso-butyric acid.
Increases in glucose concentration to 5.0 wt

°U in

the feed

resulted in lower yields, and indicated product inhibition.
A simple salts media was shown to be sufficient for single
cell protein production.

CHAPTER I
INTRODUCTION
Protection of our environment and energy production are
two major, interrelated concerns in our world today.

Energy

is usually consumed in pollution abatement and an environ
mental impact results from energy production activities.
With decreasing availability and increased costs of energy,
conventional waste treatment systems have come under greater
scrutiny.

The high energy consumption associated with the

"state of the art" activated sludge system is undesirable.
This is especially true for the food industry, which produces
tremendous quantities of organic wastes.
Alternate waste treatment systems are needed, particu
larly for the food industry.

Anaerobic digestion is one such

system, since it has the potential of producing rather than
consuming energy.

Methane, the major product of anaerobic

digestion, can substitute for natural gas in fuel systems.
However, anaerobic digestion has been used rarely in the food
industry because its applicability and reliability have been
questioned.
This dissertation deals with an investigation and pilotscale demonstration of anaerobic digestion of a food pro
cessing (i.e. potato canning) wastes. Wastewater treatment
1

2
and methane production are the major aims of the research.
The potential of single cell protein production via anaerobic
digestion as a means of supplementing fuel costs from the
process is also explored.
Developments in Anaerobic Digestion
In 1776 Volta discovered "inflammable air" or methane
(1).

Nearly a century passed before scientists associated

methanogenesis with microbial activity (2).

Today there are

still many mysteries concerning the small group of bacteria
that produce methane (3).

Anaerobic digestion is a very

complex ecosystem of microbial species.

In fact, most of

the interacting microorganisms involved with anaerobic
digestion are not methanogens (methane producers)

(4,5).

Much has been learned about microbial methane produc
tion in recent years due to improvements in anaerobic tech.niques.

A number of excellent reviews of anaerobic diges

tion and methane bacteria are available (3-9).
Anaerobic digestion is a very important process in
nature, particularly in the carbon cycle.

Complex organic

materials are degraded to the simple products - methane and
carbon dioxide.

In anaerobic digestion, about 90% of the

energy in the complex organics are conserved in the product
methane.

Methanogenesis can only occur in environments

where oxygen or other electron acceptors such as sulfates
and nitrates are not readily available.

The major electron

acceptor, carbon dioxide, is generated from the organic
material that is degraded (3).

There are several reasons for the increased attention
given to anaerobic digestion in recent years.
both environmental and energy issues.

These include

Increases in organic

waste production and the required performance of waste treat
ment systems have stimulated interest in anaerobic digestion
processes.

In 1964, McCarty pointed out that these processes

are characterized by efficient waste stabilization, low bio
logical sludge production,

low nutrient requirements, no

oxygen requirements, and methane production (10).
Anaerobic Digestion of Biomass
Our problematic energy situation is another major factor
for the increased interest in anaerobic digestion.

Alternate

energy sources are being developed and are expected to account
for a significant part of our future energy supplies.

Fuel

from biomass is an alternate energy source that could con
tribute significantly to our energy supply.

Biomass is any

plant material, but is generally thought of as agricultural
residues, food wastes, manure, municipal refuse and energy
crops.

Biomass residues alone in the U.S. are about 91 tera-

grams (10

12

g) per year.

exajoules (10

18

An annual biomass yield of about 7.4

J) is expected within this century.

This

amounts to over 12% of our 1978 energy requirements (11).
Biomass can be converted to methane by several processes,
including pyrolysis, hydrogasification, and anaerobic diges
tion.

Since biomass usually has a high moisture content,

anaerobic digestion processes are preferred (11-13).

There

are four processes associated with anaerobic digestion of
biomass:

pretreatment, anaerobic digestion, gas treatment

and solids disposal (14).

Pretreatment is sometimes used

to enhance the biodegradability of biomass, which is pre
dominantly lignocellulose.

Without pretreatment, conversion

efficiencies of biomass to methane may be as low as 507o.
High temperature-alkaline pretreatment processes effectively
increase biodegradabilities of various substrates.

Anaer

obic digester designs for biomass range from simple land
fills to sophisticated, multistage units.

Plug flow diges

ters have proven to be one of the simplest and cheapest.
Anaerobic digestion produces biogas, a mixture of methane,
carbon dioxide, hydrogen sulfide and water vapor.
thane content of biogas ranges from 50 to 75 mol %.

The me
Biogas

can be used directly as a fuel for many on-site purposes.
It can also be converted to substitute natural gas (SNG) by
using natural gas technology to remove components other than
methane.

Residual solids from anaerobic digestion of biomass

must be removed and sent to disposal.

Because nutrients such

as nitrogen, phosphorus and minerals are conserved during
anaerobic digestion, there is potential for byproduct (ani
mal feed, fertilizer) recovery.
Microbiology of Anaerobic Digestion
Anaerobic digestion involves a complex association of
three types of bacteria.

The first group (fermentative) of

bacteria hydrolyze the substrate and produce products in
cluding organic acids, alcohols, carbon dioxide, hydrogen
and others.

The second bacterial group (acetogenic), still

somewhat hypothetical due to isolation problems, oxidize
the fermentation products of the first group into acetic

5
acid and hydrogen.

The third group (methanogenic) of bac

teria utilize acetate, hydrogen and carbon dioxide as sub
strates for methane production.
interact closely.

These three bacterial groups

The ecology is more complex than a simple

series of reactions.

As a bacterial group consumes another

group's products, it alters the product distribution of the
system.

Of particular importance is the consumption of hydro

gen by the methanogens.

This activity decreases the formation

of reduced products such as lactate, propionate and ethanol
in the system.

The complex ecology involving hydrogen is

termed interspecies hydrogen transfer (4,6,9,15).
Fermentative Bacteria
Hobson reviewed the data available on the fermentative
bacteria (5).

Most are strict anaerobes, though some facul

tative bacteria are also present.

Both Gram positive and .

Gram negative bacteria are found.

The predominant acid pro

ducing bacteria are Gram negative, obligate anaerobic rods.
Bacteroides, especially B. rumenicola, are quite numerous
in anaerobic digesters.

The fermentative bacteria are pro

bably similar to those present in the rumen (16).
The first stage of anaerobic digestion produces a mix
ture of products, depending on the substrate.

For carbo

hydrates, the Embden-Meyerhof-Parnas scheme is thought to
be followed (5,7,8).

A carbohydrate is first converted to

pyruvate with the formation of reduced nicotinamide adenine
dinucleotide (NADH).

Acetate, carbon dioxide, hydrogen,

propionate, butyrate or ethanol are then produced from the

6
pyruvate.

When hydrogen concentrations are high, the more

reduced products (lactate, ethanol, propionate and butyrate)
are formed (4,16,17).
Acetogenic Bacteria
Anaerobic digestion has often been considered to be a
two-stage process:

acid and methane forming (8,18).

All of

the products of the fermentative bacteria were thought to be
substrates for the methanogens.

However, recent research

indicates the methanogens- can utilize only carbon dioxide,
hydrogen, formate and acetate (6-8).

If this is true, a

group of bacteria must convert the complex products of the
fermentative bacteria to the methanogen substrates.

There

is much experimental evidence for the existence of an aceto
genic group of bacteria.

However, acetogens have not yet

been isolated.
The acetogenic bacteria convert organic acids and alco
hols to acetate, hydrogen and carbon dioxide (6).
obic oxidation products depend on the substrate.

The anaer
Hydrogen is

the electron sink in the few acetogenic cases known (19,20).
However, carbon dioxide reduction to formate may also be an
electron sink mechanism (17,21).
Lawrence discussed the kinetics and thermodynamics invol
ved in the oxidation of organic acids to hydrogen and acetate
(22).

The available anaerobic digestion data does not re

solve the issue of acetogenic bacteria.

This important issue

can only be resolved by further microbiological research.•
Microbiologists must isolate either additional species of

7
acetogens, or a group of methanogens capable of utilizing
complex substrates.
Methanogenic Bacteria
Methanogens are an extremely important unique group
of bacteria.

Only the methanogenic bacteria are capable of

utilizing hydrogen and acetate without light or electron
acceptors other than carbon dioxide.

Without methanogens,

organic acids would accumulate in the environment (4).
Methanogens were categorized by Bryant in Bergey's Manual
(23).

The shapes and structures of the different species

of methanogens vary widely (9,23).
All species of methane bacteria that have been iso
lated have a unique energy metabolism.

It is not yet known

how they generate adenosine triphosphate (ATP).

Three co

enzymes (coenzymes 420 and M, and factor B) are involved in
electron and methyl transfers, and methane formation (4).
It is interesting that the cell walls of methanogens do not
contain muramic acid, which is found in nearly all other
bacteria (24).

The methane bacteria apparently made an

evolutionary divergence in ancient times from almost all
other life forms.

This is indicated by analysis of the

unique nucleotide sequences of their ribosomal RNA (25).
In 1902, Omelianski isolated a "methanbacillus," which
was subsequently lost (26).

Methanosarcina barkeri, isolated

from river mud, produces methane from acetate, carbon dioxide,
hydrogen and possibly methanol (27).

Methanobacterium formi-

cicum, isolated from sewage sludge, produces methane from

8
carbon dioxide reduction and formate (27).

Methanosarcina

vanielli, isolated from mud, has the same metabolism (28).
Several methane bacteria have been isolated from the rumen,
including Methanobacterium rumenantium (29) and Methanobacterium mobile (15).

Both of these rumen bacteria uti

lize formate, carbon dioxide, and hydrogen as substrates.
Methanospirillum hungatii, which uses these same substrates,
was isolated from sewage sludge (30).
Ecology of Anaerobic Digestion
Many studies have been made of the complex bacterial
population in anaerobic digesters.

It was noted earlier

that most of the microorganisms involved in anaerobic diges
tion are not methanogenic (4,5).

Of the fermentative (acid-

forming) bacteria, strict anaerobes outnumber the faculta
tive anaerobes (5,31).

The non-methanogenic bacteria

influence greatly the methanogenic bacteria.

They can

stimulate growth by providing nutrients and by helping to
maintain low oxidation-reduction potential (32).

Chynoweth

and May studied the bacterial populations of anaerobic di
gesters.

They noted significant shifts in bacterial popu

lations during acclimation of sludge to various substrates
(33).
Several studies have been made of the ecology of meth
ane bacteria in anaerobic digesters.

Modifications of the

Hungate cultivation technique are generally used (34).
Smith isolated six types of methane bacteria from sewage •
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sludge, and determined their concentrations to range from
10^ to 10^ organisms per mililiter (35).
The interactions between the fermentative, acetogenic
and methanogenic are much more complex than the simple se
quential order assumed in the two-stage theory.

One of the

bases of this complex ecology is a process termed inter
species hydrogen transfer (6).

The importance of hydrogen

in anaerobic digestion has been recently recognized (9,36).
About 25% of randomly selected anaerobic bacteria produce
hydrogen (37).

Hydrogen-producing bacteria in sewage sludge

were identified as Enterobacteriacea,

including the genera

Citrobacter, Enterobacter, and Escherichia (38).
In interspecies hydrogen transfer, hydrogen produced
by the first two groups (fermentative, acetogenic) is uti
lized by the methanogens.

Transfer of the hydrogen makes

possible additional ATP synthesis by the first two anaerobic
bacterial groups.

The methane bacteria, in turn, have a

tremendous affinity for hydrogen.

Hungate found a km (half-

velocity constant in the Monod model) of 10

-

6

molar for hydro

gen substrate in methanogenesis (21,39).
Fermentative patterns of the first two groups of bac
teria are altered in the presence of methanogens (40).

Con

centrations of acetate are increased, while that of the more
reduced products (propionate, butyrate) are decreased in the
presence of methane bacteria.
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Biochemistry of Anaerobic Digestion
The biochemical- reactions involved in anaerobic diges
tion are shown schematically in Figure 1 (3,4,6).
The complex organic substrates include cellulose,
starch, glucose, lipids, proteins and other compounds.
Hydrolysis of these complex substrates is sometimes rate
limiting, as in the case of anaerobic digestion of cellulose.
The' organic acids and alcohols formed by the fermentative
bacteria depend on the substrate.

Acetate, carbon dioxide

and hydrogen can be formed directly by the first stage bac
teria.

The acetogenic bacteria produce primarily acetate

and hydrogen from the organic acids and alcohols.

Some

times carbon dioxide is produced by the acetogenic bacteria.
The methanogenic bacteria are able to produce methane by
acetate decarboxylation or carbon dioxide reduction with
hydrogen.

The decarboxylation also produces an equimolar

amount of carbon dioxide.
For example, the biochemical reactions involved in
methane formation from carbohydrates is given below, and
shown schematically in Figure 2 (41).

C 6H 12°6 "*■ 2 C H 3 C O C O O H + 2 H 2

(glucose)

(pyruvic acid)

2CH3COCOOH + 2H20 -► 2CH3COOH + 2C02 + 2H2
(pyruvic acid)

(acetic acid)

2CH3COOH -»■ 2CH4 + 2C02
4H2 + C02 -► CH4 + 2H20
Overall:

C6H 1206

3CH4 + 3C02
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Complex Organic Substrate

Stage 1.
Fermentative
Bacteria
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Stage 2.
Acetogenic
Bacteria
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Acetate, C02> H2

Stage 3.
Methanogenic
Bacteria

Acetate

co2

Decarboxyl

Reduction

ation

ch4 + co2

Figure 1.

OH,

General Biochemistry of Anaerobic Digestion
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Hydrolysis, Fermentation

Stage 1.
Fermentative
Bacteria

2CH3COCOOH
pyruvic acid

Stage 2.
Acetogenic
Bacteria

Hydrogen
+ Formation
2 H20

2CH3COOH + 2C02 + 4H2

Stage 3.
Methanogenic
Bacteria
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c02
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Reduction

CO,

ation
2CH4 + 2C02

Figure 2.

CH4 + 2H20

Biochemistry of Methane Formation from
a Carbohydrate
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A wide variety of enzymes and electron carriers are involved
in the biochemical reactions (17).
With these reactions, 2/3 of the methane is produced
from acetate.

Tracer experiments have shown that about 70% of

the methane formed in anaerobic digestion is derived from the
methyl group of acetate (42,43).
Free Energy Changes
Thauer et. al. reported the free energy changes of the
biochemical steps in anaerobic digestion (17).

The free

energy changes under physiological conditions (pH 7.0,
typical ratios of products to substrates) are given in
Table 1.
A highly negative free energy change indicates the
reaction equilibrium is far to the right.

The values in

Table 1 indicate the highly favorable reactions of the
fermentative bacteria (reactions 1-3), the hydrogen-utilizing
methanogens (reaction 5) and the overall anaerobic reaction
(reaction 6).

The slightly negative free energy change of

acetate decarboxylation by the acetogenic bacteria (reaction
4) is most interesting.

This reaction is usually rate

limiting in anaerobic digestion.

While methane bacteria

grow slowly on acetate, about 70% of the methane formed in
digestion is produced from this substrate.
Heat of Reactions
Reported heats of formation (44) of several biochemical
products

in

anaerobic digestion were used to calculate the

Table 1.

Free Energy Changes of Anaerobic Digestion (17)

Reaction
Number______________________

Z2

AG°'
Reaction_________________________ kJ/reaction

1

Glucose

Pyruvate- + 2H+ +

2

Pyruvate- + 2H20

3

Glucose + 4H20

4

Acetate- + H 20

5

hc°3- + 4H2 + H+

6

Glucose + 3H20

Z
Z

Z

Z

2H2

-112.1

Acetate- + HCO^ +^++H2

2 Acetate

+ 2HC03 +

4H+ + 4#2

-

^

-206.3

HC03“ + CH4

- 31.0

Z

-135.6

CH4 + 3H20

3H+ + 3HCC>3- + 3CH4

-403.9
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heat of reaction.

Calculated standard heat of reactions

(25 C) are given in Table 2.
Most of the reactions are mildly exothermic, with the
exception of the endothermic acetate decarboxylation reac
tion (number 2).

Since dilute substrate concentrations are

normally used in anaerobic digestion, heat effects are small.
Pohland studied heats of anaerobic digestion using a
calorimeter-type system (45).

Normal anaerobic digestion

resulted in a small net heat loss .compared to a control.
Inhibited anaerobic digestion, evidenced by elevated vola
tile fatty acid concentrations, was slightly exothermic.
These effects were caused by reductions in heat losses due
to digester gas emission and lower endothermic reaction rates.
Energy Conversions
In anaerobic digestion, most of the energy of the sub
strate is recovered in the product methane.

The energy

conversion depends on the stoichiometry, which varies with
substrates and biochemical pathways.

Buswell and Mueller

(46) developed the following equation to describe the
stoichiometry of methane production from a given substrate.

Cn Ha °b + (n - I ' 7> H 2° *

<t + I - 5> CH4 +

'

I +

C02:

The equation is only an approximation, since the cell
yield on a given substrate has been neglected.

However,

Table 2.

Standard Heat of Reactions (25°C)
in Anaerobic Digestion
AH

°

Reaction
ntlR
Number_________________ Reaction____________________ kJ/reaction
1

C6H 12°6

* 2CH3COOH

2

CH3COOH

t CH4

3

4H2 + C02

4

C6H 12°6

t

+ 2C02 + 4H2

+• C02

CH4 + 2H20

* 3CH4 + 3C02

-486.7
18.6
-253.1

-130.5
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cell yields are generally low in anaerobic digestion.

For

carbohydrates such as glucose, cellulose, and starch, the
equation predicts the formation of 3 moles of methane per
mole of substrate, as shown before.
Carbohydrates are the most favorable substrates for
energy conversion (41).

Heats of combustion can be used to

calculate the energy conversion efficiency.

The combustions

of glucose and the stoichiometric amount of methane are shown
below, along with heats of combustion calculated from re
ported heats of formation (44).

Combustion products at 25°C

are liquid water and gaseous carbon dioxide.

C6H 12°6 + 602 ^ 6C02 + 6H2° + 2803 *4 kJ

C6H 12°6

3CH4 + 3C02 + 130 *5 kJ

3CH4 + 602

3C02 + 6H20 + 2672.9 kJ

In this way, methane production theoretically recovers
95% of the energy available in the substrate.

The energy

loss in the conversion of glucose to methane (5%) is avail
able for cell growth and maintenance energy.
The theoretical values are only estimates of the ener
getics of anaerobic digestion.

Factors such as biological

efficiencies, temperature, and heat of solution have not
been considered.

Still it is evident that anaerobic diges

tion is characterized by a high energy conversion efficiency.
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Environmental Factors in Anaerobic Digestion
Anaerobic digestion is significantly affected by system
temperature, pH, nutrient levels, oxidation-reduction poten
tial, and toxic components.
Methane is produced from bacteria in environments having
a very wide temperature range of 0 to 75°C.
tion proceeds in three temperature zones:

Anaerobic diges
psychrophilic

(below 20°C), mesophilic (20 to 45°C), and thermophilic (above
45°C)

(47).

These temperature ranges are thought to corre

spond to various bacterial populations.

Within a given zone,

temperature effects on anaerobic digestion typically follow
an Arrhenius relationship.

Most methanogens have optimum

growth rates at mesophilic temperatures ranging from 33 to
45°C (3).

Methanogens respond quickly to temperature changes.

A sudden change in temperature will decrease or completely
stop methane production.

Therefore it is very important to

maintain a constant temperature in anaerobic digestion (48).
The pH range for optimum growth of methane bacteria is
very narrow, ranging between 6.8 and 7.4.

A pH of 7.0 is

generally optimum for growth of methanogens (49).
Strict anaerobic bacteria require an oxygen-free environ
ment for growth.

Sometimes this requirement is expressed in

terms of oxidation-reduction potential.

A value of -330 mV

is often cited as the maximum in which methane production can
occur (29).

Although it stops their growth, oxygen does not

necessarily kill methane bacteria.
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Anaerobic bacteria require nitrogen, phosphorus, sul
fur, trace minerals, and other nutrients (49,50).

Ammonia

seems to be the essential nitrogen source for methanogens
(50).

Some species of anaerobic bacteria may require B-

vitamins, amino acids, and other organic substances.

How

ever, these are generally produced by other species of bac
teria in mixed cultures (50).
Inhibition of Anaerobic Digestion
Anaerobic digestion is frequently inhibited by substances
in the feed or by-products of the fermentation itself.

In

hibition of anaerobic digestion results in an increase in
volatile fatty acids concentrations, reduction in system pH,
and decreased methane composition and production rates.

An

imbalance between acid formation and consumption occurs.
This is due to the fact that the acid formers are generally
less sensitive to inhibition than the methanogens.
Kugelman and Chin reviewed inhibition and toxicity in
anaerobic digestion (51).

Heavy metals are extremely toxic

and frequently result in failure of anaerobic systems.

Light

metal cations (sodium, calcium, etc.) are only moderately
toxic, with tolerable concentrations between 0.05 and 0.2
molar.

Although high volatile acid concentrations were

once thought to be toxic, recent studies indicate that val
ues as high as 6000 mg/L do not reduce methane formation.
However, system pH could be adversely affected by high acid
concentrations (51).
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Anaerobic digestion systems can be stressed by reduc
tion in retention time or overloading with biodegradable
organic matter.

Hydrogen formation increases as a result

of glucose conversion to pyruvate via the Embden-MeyerhofParnas pathways.

With increased hydrogen concentration,

there is a tendency of pyruvate to form more reduced pro
ducts such as propionate.

The biochemical mechanism in

volves utilization of electrons or 2H in the form of re
duced nicotinamide adenine dinucleotide (NADH) .

Several

reactions producing more reduced end-products of the fer
mentative bacteria are shown in Table 3, along with their
free energy changes.(17).
The free energy changes indicate that propionate
and butyrate formation
lactate and ethanol.

are more favorable than those af
Analysis of anaerobic digester

effluents confirms this product distribution.

In inhibited

or failing digesters, propionic and butyric acid concentra
tions increase.
rarely observed.

However, lactic acid and ethanol are
With the low hydrogen concentrations in

normal anaerobic digestion, the more reduced products do
not accumulate and acetate predominates.
Kinetic Models
Many kinetic models have been applied to anaerobic
digestion (52).
(52-56).

The Monod model has been the most popular

In 1949, Monod presented the fundamental paper

in microbial growth kinetics (53).

Monod described the

relationships between specific growth rate and substrate
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Table 3.

Formation of Reduced Fermentative
Products
AG° '
Reaction_________________________(kJ/reaction)

Pyruvate

+ H2 **■ Lactate

-43.1

Pyruvate

+ H2 + ^ 2^

-56.9

Pyruvate

+ 2H2 **■ Propionate

Ethanol + HCO.J

Lactate" + H2 -*■ Propionate
Pyruvate"

4- Acetate” +

+ H2O

+1^0
->■ Butyrate" +

-123.0
-79.9
-95.4

concentrations, and between microbial yield and substrate
consumed.
Microbial growth rate can be described by an exponen
tial expression.

at = px
where:

x is the concentration of microorganisms
t is time
y is the specific growth rate

Monod observed that y varied with the limiting substrate
concentration and proposed a relationship similar to the hy
perbolic Michaelis-Menton equation.
1

M
where:

y

K+S
is the maximum specific growth rate

S is the limiting substrate concentration
K is a constant termed the half-velocity substrate
concentration.

When S = K, y = ym /2.

Monod also proposed a relationship between cell yield
and substrate consumed.
dx

y--a?
where:

y is the cell yield (cell mass/substrate mass con

sumed) .
In the Monod model, cell yield is assumed constant.
resulting substrate conversion rate is

The
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Herbert et. al. described microbial kinetics in con
tinuous culture (constant stirred tank reactor or CSTR)
using the Monod model (57).

The two kinetic parameters

(y, K) of the Monod model are quite useful in analysis of
CSTR performance.

Conditions for microbial wash-out and

maximum activity are obtained from these parameters.

At

the extreme conditions of substrate concentrations, the
Monod model simplifies to zero order (high S) and first
order (low S) with respect to substrate concentrations.
However, the Monod model has several limitations.

It

indicates that anaerobic digestion performance is indepen
dent of feed concentration and only slightly dependent on
residence times.

Both of these conditions are known to

affect the value of the kinetic parameters and system per
formance (52,58).
Another kinetic model that has been used for anaerobic
digestion is that of Contois (59), with adaptations by Chen
et. al.

(52).

It is similar to the Monod model regarding

kinetic parameters.
Pfeffer (60) and Grau (61) reported a good fit of
experimental data with a first order kinetics model.
model has the advantage of simplicity
a limited operating range.

This

and is useful over

However, it does not indicate

maximum growth and wash-out conditions.
Zero order kinetics with respect to substrate concen
tration are sometimes found in biological treatment systems.
In this model, the rate of substrate removal is proportional
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only to the microorganism concentration in the system (53,
62) .
Kinetics of Methane Production
Methane is formed in anaerobic digestion by carbon
dioxide reduction or acetate decarboxylation.

Production

of methane from carbon dioxide and hydrogen is very fast.
It is never the rate limiting step in anaerobic digestion ,
(3).
Acetate decarboxylation is the most important reaction
in anaerobic digestion and is probably rate limiting in the
fermentation of most substrates.

Kinetic constants for the

decarboxylation step have been determined in enrichment
cultures, but not in pure cultures.

A summary of kinetic

constants for methane production from acetate for tempera
tures between 30-35°C is given in Table 4. adapted from
Zehnder (3).
Acetate concentrations above a minimum level have very
little effect on methane production rates.

An experimental

yield of 0.93 mol CH^/mol acetate agrees well with theory
(43).
Lawrence and McCarty reported kinetic constants for
fatty acids at various temperatures (55).

For the growth

equation:
ds _ kS
dt
K+S
where:

ymx
k = kinetic coefficient = —y- (Monod model)
K = half-velocity constant (Monod model).
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Table 4.

Kinetic Constants for Methane
Production from Acetate

Constant_____ Description

K(2g!)

y(h-^)

_

half-velocity

0.17 x 10 -3

constant

-10 x 10~3

growth rate

0.011-0.014

"I

Q
a /-.(— u)
^AC
g-lr

Reference

Range

substrate removal

5.7 x 10

-3

55,56,63

55,56

55

rate/mass biomass

YAC<5or>

biomass yield
on substrate

2.57

55
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The values of k and K for acetic acid are (55):
Temperature
k
K „9
(°C)_________(kg/kg-day)______ (g/m )
25

,

4.7

869

30

4;8

333

35

8.1

154

^kg acetic acid/kg biomass-day.
^g acetic acid/m^.
Note the significant decrease in the kinetic coefficient
as the temperature decreases from 35 to 30°C.

Further reduc

tion in temperature appears to have little effect on k.

The

half velocity constant is strongly dependent on temperature.
Lawrence and McCarty showed that it followed an Arrhenius
relationship with temperature (55).
Biogas
The biochemical reactions described earlier illustrate
the stoichiometric amounts of methane formed.

Theoretical

methane production is 3 moles of methane per mole of glucose
or carbohydrate.

However, many organic wastes are complex

and ill-defined.

The composition of the organic wastes could

be analyzed and theoretical methane production calculated
based on the specific components.

However, another approach

has generally been taken in anaerobic digestion studies.

A

chemical oxygen demand (COD) test is usually performed on
the complex organic waste (64).

Theoretical methane produc

tion is then related to COD reduction.
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In 1964, McCarty discussed theoretical methane produc
tion using this method (10).

Methane formation is the only

step in anaerobic digestion that reduces COD.

Hydrogen

formation is usually negligible in anaerobic digestion.

The

methane combustion reaction is used to calculate the amount
of COD removed by methane formation.
CH4 + 202 (COD)

C02 + 2H20

Using the ideal gas. law, theoretical methane production
is 22.4/[2(32)] or 0.35 m3 CH4 (STP)/kg COD removed.
has a COD of 1.07 kg COD/kg glucose.
identical value.

Glucose

Acetic acid has an

Starch and cellulose measure 1.19 kg COD/

kg substrate.
Volatile solids (VS) is another test that has been used
to characterize a complex organic waste (64).

Volatile

solids are primarily organics that oxidize at 550°C, the con
dition of the test.

The volatile solids and COD test are

usually correlated, and often nearly numerically equivalent.
For example, carbohydrates are completely volatile at test
conditions.

The 1.0 kg VS/kg substrate is nearly numerically

equivalent to the value of 1.07 kg COD/kg glucose, and
1.19 kg COD/kg starch or cellulose.

Thus theoretical methane

production ranges from 0.37 to 0.42 m 3CH4 (STP) per kg VS for
these predominant forms of organic matter.
Biogas contains primarily methane and carbon dioxide.
Other constituents include water vapor and hydrogen sulfide.
However, these components are usually present in only trace
amounts.

28
Biogas solubility in anaerobic digester fluids has
not been reported.

However, an order of magnitude estimate

of biogas solubility can be made based on pure component
solubilities.

The normal electrolyte concentrations in.

anaerobic digesters have little effect on gas solubilities.
Partial pressures do have significant effects.

However, at

the typical gas composition (60% CH^, 407, CC^) these effects
do not alter order of magnitude estimates of biogas solu
bility.
Weisenburg and Guasso (65) reported methane and hydro
gen solubilities in water and seawater.

Methane solubili

ties range from 0.035 to 0.029 m^CH^(STP) /to? water for tem
peratures between 20 and 30°C.

Hydrogen solubilities are

0.018 to 0.017 m^H2 (STP)/m^ water over the 20-30°C tempera
ture range.

Thus methane and hydrogen can be considered to

be insoluble at anaerobic digester conditions.
Yasunishi and Yoshida reported carbon dioxide solubili
ties in water and electrolyte solutions (66).

Carbon dioxide

solubilities range from 1.06 to 0.67 m^(STP)/m^ water in the
temperature range of 15 to 35°C.

Thus carbon dioxide has

a fairly high solubility in anaerobic digester liquids.

At

typical anaerobic digester temperatures (35°C), carbon
dioxide solubility is about 0.7.

Theoretically, methane

and carbon dioxide are produced in equimolar amounts.

Since

carbon dioxide is much more soluble than methane, digester
gases should have higher methane compositions.

The compo

sition of methane in the gases is dependent on the substrate
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concentration.

Lower substrate concentrations should result

in relatively greater carbon dioxide removal in the liquid
and higher methane composition in the off-gas.
Anaerobic Digesters
Anaerobic digesters are the systems used to effect meth
ane production from an organic substrate.

These systems have

been developed for biological waste treatment.

Traditionally,

anaerobic digestion has played a supporting role in biologi
cal waste treatment systems.

The sludges resulting from pri

mary or secondary treatment have been subjected to anaerobic
digestion.

However, anaerobic digestion is rarely used as

the major biological treatment system.

Anaerobic digesters

are systems containing fermenters, clarifiers, pumps, heat
exchangers and other equipment.

The role of anaerobic diges

tion in biological waste treatment has had a significant in
fluence on digester designs.
Kirsch and Sykes reviewed anaerobic digestion as a bio
logical waste treatment system (67).

Four major types of

digesters are commonly used in waste treatment.
Conventional digesters are large, unmixed vessels.
effluents are sludge, supernatant and gas.
covers are typically used.

The

Floating roof

Conversion rates in conventional

digesters are usually poor.
High rate digesters are well mixed vessels with long
residence times (30 to 60 days).

The liquid effluent is a

slurry instead of separate supernatant and sludge fractions.
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Because the digester is well mixed, a minimum residence time
is needed to prevent washout of the slow growing methane
bacteria.
Anaerobic contact digesters generally contain a sludge
or cell separator, and include cell recycle to the fermenter.
These digesters closely resemble the activated sludge system.
However, gas formation reduces cell settling and causes re
cycle problems.
Anaerobic upflow filters contain inert supports such as
rocks or plastic beads to trap the microbial cells.
applicable to soluble wastes only (68).

They are

High conversions at

low residence time have been reported.
Recently, a digester type called the upflow sludge
blanket has been studied.

In this fermenter, the feed is

introduced into a settled bacterial sludge layer.

Very

efficient substrate conversions at low residence times have
been reported (69,70).

Difficulties in sludge settling were

overcome by calcium addition, which increased flocculation.
This system holds much promise as a biological treatment pro
cess .
Mathematical Modeling of Anaerobic Digesters
Anaerobic digesters are generally non-ideal, mixed cul
ture continuous fermenters.

The feed usually contains sev

eral types of substrate and many species of bacteria are
present.

Population shifts occur as feed or digester con

ditions change.

Because this situation is very complex, it

31
has been difficult to develop good mathematical models for
digesters.

At the present time, digester models have only

limited agreement with experimental data (5).

Kirsch and

Sykes discussed the major mathematical models of anaerobic
digesters.
For example, the high-rate digester is essentially a
constant flow stirred tank reaction (CSTR) or chemostat.
The analysis of Herbert et. al.
is directly applicable.

(57) for continuous culture

A material balance of the system

shows that bacterial growth rate is equal to the dilution
rate of the system:
F _ n _ 1
V “ D
0

li =
where:

y is the bacterial growth rate (time

)

F is the feed rate (vol/time)
V is the fermenter volume (vol)
D is the dilution rate (time

)

0 is the hydraulic retention time (time).
Application of the Monod model for bacterial growth re
sults in:
S
K+S

_ n

y

D

S =

KD
y -D
m

X = Y(So-S)
In the analysis, the effluent substrate concentration
(S) depends only on the Monod kinetic parameters and the
dilution rate.

The cell concentration (X) depends on the
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influent substrate concentration (So) and those factors in
fluencing effluent substrate concentration.

By setting the

dilution rate of a digester, both cell and effluent substrate
concentrations are fixed for a given set of Monod parameters.
The maximum dilution rate can also be determined using this
analysis.

Cell washout will occur when the dilution rate

exceeds a critical value of:
D

um

where:

m

y_ So
= ■ —
K+So

is the maximum dilution rate of a CSTR fermenter

before cell washout.
The above analysis has proven quite useful in our under
standing of anaerobic digesters.

However, experimental data

often show significant deviations from the Monod-Herbert
analysis.

In many instances, these deviations are simply

due to variations in feed rates and concentrations.

Other

deviations are due to simplifications in the Monod model that
cannot be justified in some circumstances.

Contrary to the

above analysis, influent substrate concentration has been
found to have a significant effect on concentrations of
effluent substrate.
The Monod equation assumes a constant yield of cells on
substrate consumed.

Variable cell yields have often been

reported for anaerobic organisms (67).

Cell maintenance or

endogenous respiration have significant effects on cell
yields and digester performance.
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Heterogenous populations in anaerobic digesters are
another cause for deviations from the above analysis, which
is based on pure culture characteristics.

The distribution

of bacterial species is dependent on digester conditions,
especially dilution rates.

Several metastable distributions

can possibly exist for a given system (67).

The population

shifts that occur can significantly affect digester perfor
mance.
The phenomenon of sub.strate inhibition is another cause
for deviations of anaerobic digesters from the above model
(51).
The above analysis assumes perfect mixing of digester
contents.

However, wide variations in degrees of mixing are

the norm.

Dead spaces, by-passing, wall growth and solids

settling frequently occur in digesters.

These phenomena

cause significant deviations in digester performance from
the above model.
Other types of anaerobic digesters have also been
mathematically modeled.

Herbert's theoretical treatment of

various fermenter types such as cell recycle has been applied
to anaerobic digesters (71).

The mathematical models are

straightforward but difficult to apply to actual digesters.
The deviations that occur in the CSTR digester also exist
in the more complicated systems.

The chemical, physical

and microbial complexities of anaerobic digesters have
limited the usefulness of mathematical models at this time.
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Two-Stage Anaerobic Digestion
Two-stage anaerobic digestion is the separation of the
non-methanogenic and methanogenic bacteria in fermenters in
series.

When the process was first developed, it corresponded

to the existing theory of the microbiology and biochemistry
of anaerobic digestion.

This theory was the division of

anaerobic digestion into sequential acid and methane for
mation stages.

However, recent research indicates the two

stage theory is no longer satisfactory.

There are instead

three stages of anaerobic digestion, with a complex ecology
of the various stages.

Interspecies hydrogen transfer, a

major factor in this ecology, was neglected in the two-stage
theory (4).
Anaerobic digestion has been conducted in two physically
separate stages.

Acid and methane formation predominate in

the first and second stages, respectively.

The division of

the currently accepted three stages into two stages is not
clear.

The fermentative bacterial stage obviously takes

place in the first (acid-forming) fermenter.

Similarly, the

methanogenic bacterial stage occurs in the second fermenter.
The acetogenic bacterial stage could conceivably take place
in either fermenter.

High hydrogen concentrations in the

first stage would favor reduced acid (propionate, butyrate)
formation.

Catabolism of these acids by the acetogenic

bacteria is given below, along with the free energy changes
(17).
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Propionate”

+ 31^0 + HCO^” + Acetate” + H+
AGq^

Butyrate”

+ 21^0
AGq1

= +76.1

+■2

+ 3H2

kJ/reaction

Acetate” + H+ + 2H

= +48.1

kJ/reaction

The route of these reactions is 3-oxidation of fatty
acids.

The free energy changes indicate that the reactions

are not favored if moderate hydrogen concentrations exist
in the first fermenter.

The reactions can proceed only if

very low hydrogen concentrations exist.
exists when methane bacteria are present.

This condition
A syntrophic

association between the acetogenic and methanogenic bacteria
makes propionate and butyrate catabolism energetically fav
orable.
Therefore the acetogenic bacterial stage can be expected
to take place in the second (methane) fermenter only.
Two-stage anaerobic digestion should then be divided
into a first stage fermentative and second stage acetogenic
and methanogenic grouping.
There have been a number of investigations conducted on
two-stage anaerobic digestion.

In 1965, Andrews and Pearson

described two-stage anaerobic digestion (72).

In an anaer

obic digester with limited methane production, the acidforming bacteria had growth rates greater than 1.33 day”^.
An interesting result of their study was the very high cell
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yield (0.54 kg/kg COD) of the acid formers at low residence
times.
In 1971 Pohland and Ghosh reported the development of
a two-stage process (73,74).

Stage separation was effected

by what they termed kinetic control.

That is, the first

stage was operated at a dilution rate greater than the maxi
mum specific growth rate of methane bacteria.

For a glucose

substrate, the stage-separating .detention time was found to
be 12.5 hours.

Maximum growth rates of the acid and methane

formers were 1.25 h ^ and 0.14 h ”^, respectively.

The half3
velocity constant (K) of the acid was found to be 22.5 g/m
glucose.

The methane formers had a K of 600 g/m

acetic acid.

Later these authors considered product formation and
substrate assimilation by the acid formers.

The variabili

ties of product and cell yields with growth rates were deter
mined.

Cell yields of 0.22 kg/kg glucose were measured (75).

In 1977, Ghosh and Klass obtained a patent for a two-stage
process (76).
Two-stage anaerobic digestion studies have been conduc
ted with wastewater sludge (77) and a confectionary plant
waste (78).
Cohen et. al. studied two-stage anaerobic digestion of glu
cose (79).
tion time.

The acid fermenter was operated at a 10 hour deten
Major products included butyrate, acetate, car

bon dioxide and hydrogen.

Butyrate, present in high concen

trations, was thought to serve as an electron sink in the
system when hydrogen accumulated.

Bacterial cells were
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granular and settled well.
glucose was determined.

A cell yield of 0.12 kg/kg

The acid effluent, including cells,

was fed to a settled sludge methane fermenter.

Good conver

sions and an absence of cell accumulations (indicating cell
lysis) were noted.

Later, these authors reported a study

comparing single and two-stage anaerobic digestion.

The

maximum possible COD loading of the two-stage system was
over three times that of single stage anaerobic digestion
(80).
Lettings et. al.

(69) studied both single and two-stage

anaerobic digestion in laboratory and pilot-scale upflow
sludge blanket fermenters.

Laboratory studies indicated

several advantages for the two-stage systems.

However,

pilot-scale studies indicate there are no advantages of
stage separation for upflow sludge blanket fermenters.
Production of volatile fatty acids in anaerobic diges
tion was recently studied by Joergensen (81).

Dilution

rates ranged from 0.02 to 0.3 h~^ with culture pH maintained
at 5.5, 6.3 and 7.0.

Maximum acid production was found at

a pH of 5.5 and a dilution rate of 0.15 h -^.
The question remains whether there is any advantage in
two-stage anaerobic digestion.

Advantages reported include

higher loadings, high efficiencies (greater methane yields),
higher reaction rates, increased concentration of methane in
the gas phase, and improved process stability.

Disadvantages

include higher equipment costs for a separate stage, and for
mation of more reduced organic acids (propionic, butyric).
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From a theoretical viewpoint, the complex ecology of
anaerobic digestion should not be rather arbitrarily divided
into two stages.

However, most of the experimental data in

dicate an advantage in two-stage digestion.

Very limited

pilot-scale data indicate no advantages in two-stage diges
tion.

Additional research is needed before the issue can be

decided.
Anaerobic Single Cell Protein Production
As noted earlier, one of the characteristics of anaerobic
digestion is a low bacterial growth yield (10).

As shown in

Table 1, a typical bacterial cell yield of methane bacteria
is 2.6 g cells/mol acetate or about 0.04 kg cells/kg sub
strate.

This yield corresponds to the low energy loss in the

overall anaerobic digestion reaction.

The energy loss is

associated with energy available for bacterial synthesis. .
However, the low overall bacterial growth yield does
not occur in all stages of anaerobic digestion.

The "acid"

stage is known to result in relatively high bacterial cell
yields.

These cells apparently undergo lysis, and are even

tually converted to methane and carbon dioxide during com
plete anaerobic digestion.
Low bacterial cell yields are generally desirable in
anaerobic digestion systems.
tion and disposal (5).

This minimizes sludge forma

However, if the bacterial cells

could be harvested and used as a protein source, high
yields could be desirable.

For example, the use of bac- •

terial cells produced in the activated sludge system as a
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high protein animal feed has been proposed (82).

A success

ful development of this concept has been reported (83).
In his review of anaerobic digestion, Hobson mentioned
the possible use of bacterial cells produced in anaerobic
digestion for single cell protein (5).

However, the develop

ment of this concept has not been reported.

Anaerobic single

cell protein production is inherently attractive.

The aera

tion costs associated with, conventional aerobic single cell
protein production would be eliminated in an anaerobic sys
tem.

The products of anaerobic digestion, organic acids and

methane, are useful.

On the other hand, the carbon dioxide

produced in conventional single cell protein production is
nearly useless.

Anaerobic digestion involves relatively

little heat production and cooling requirements, because
most of the substrate energy is recovered in the products.
Aerobic systems produce significant quantities of heat and
result in high cooling costs.
Because of the relatively higher cell yields, only
the acid stage will be considered in the following discussion
of anaerobic single cell protein production.

In 1965,

Andrews and Pearson (72) reported a bacterial cell yield
of 0.54 kg/kg COD in the acid stage of digestion.

Speece

and McCarty (84) reported a cell yield of 0.3 kg/kg carbohy
drate for the acid stage at low dilution rates.
Pohland and Ghosh studied the acid forming stage regard
ing kinetics,

substrate assimilation and product formation.
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They determined that as much as 76% of the substrate could
be used for cell synthesis (75).
Bacterial cell yield in the acid stage of digestion is
strongly dependent on dilution rates.

Monod's microbial

growth rate expression has the same form as the MichaelisMenten enzyme kinetics expression.

However, there are impor

tant differences between bacterial cells and enzymes.

Micro

organisms require substrate for maintenance energy as well
as growth.

Maintenance energy is that required by bacteria

for functions not directly related to growth, such as pre
servation of proper ionic conditions in the cell (85).

Main

tenance energy requirements must first be met, with any excess
energy then available for growth.
Increases in growth yields with increasing dilution rates
in continuous culture were first reported by Marr (86) and
Pirt (87).

Maintenance energy is thought to be the cause

of this variability.

Pirt developed the widely known equa

tion relating a maintenance term (m), dilution or growth rate
(y), apparent molar growth yield (Y) and true molar growth
yield (Yg):

1 _ m

1

Y - M + Yq
Double reciprocal plots of yield versus dilution rate have
been successfully used for analyses of maintenance energy
requirements and true molar growth yields.
The rumen bacteria are very similar to the acid-forming
bacteria in two-stage anaerobic (16) digestion.

In 1965,
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Hobson and Summers reported results of continuous culture
studies of several rumen bacterial species (88).
mentation products varied with growth rate.

The fer

Bacterial yields

were higher in continuous culture than in batch.

In contin

uous culture, a maximum in bacterial yields was observed at
an intermediate dilution rate.

Bacterial yields of about

0. 33 kg cells/kg glucose were found at a 1.5 hour detention
time.

Volatile acid production decreased with increasing

dilution rates.

Maximum growth occurred at pH 7.0, with

low growth rates below 5.7 pH.

The rumen bacterium Bacter-

oides amylophilus was studied in some detail (89).

Culture

conditions included a temperature of 39°C, a pH range of 5
to 7, and a minimum detention time of about 2 hours.

A

maximum cell yield of about 0.5 kg cells/kg maltose was ob
served.
Russell and Baldwin studied the growth yields of several
rumen bacteria (90,91).

Maximum growth rates of about 0.5 h -^"

were determined from Lineweaver-Burke plots.

The Pirt double

reciprocal plot of growth yield versus dilution rate was
linear for some of the rumen bacteria.

Maximum bacterial

growth yields were estimated from the double reciprocal plots
to be as high as 0.58 kg cells/kg glucose.
Most bacterial growth studies have been conducted with
pure cultures of microorganisms.

Mixed culture studies have

shown that bacterial population shifts occur as dilution
rate is varied.

Bacteria with low maximum growth rates can

dominate others when a low dilution rate is maintained (92).
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Therefore results from the pure culture studies of rumen
bacteria can differ significantly with mixed cultures.
Isaacson et. al. reported a study of energy utilization
in continuous culture of mixed rumen bacteria (93).

Both

substrate concentration and dilution rates were varied.
Glucose concentration had little effect on cell yield in the
range (0-4.5 kg/m ) studied.

Increases in dilution rate from

0.02 to 0.12 h~^ increased cell yields to a maximum theoreti
cal (extrapolated) value of 0.5 kg cells/kg glucose.

The

authors hoped to maximize bacterial cell production by the
rumen bacteria.

In this way, protein production and absorp

tion by the rumen animals could be increased.

The fact that

the rumen animals have been consuming acid forming organisms
since their evolution is a case for the inherent safety of
the bacteria as a feed or food.
Mixed cultures.of the rumen bacteria in a chemostate were
recently evaluated for stoichiometry and growth yields (94).
Dilution rates ranged from 0.032 to 0.144 h ~ \
6.5.

at a pH of

Methane production was low during the fermentations.

Growth yields, measured as g nitrogen/kg hexose consumed,
increased with increasing dilution rates.

A maximum bacterial

yield of 40 g nitrogen/kg hexose consumed was reported.

CHAPTER II
TREATMENT OF FOOD WASTES
Food Processing Wastes
The food industry is an extremely important one in the
U.S., with product shipment values estimated to be $289
billion in 1981 (95).

Thfe canned fruits and vegetables seg

ment of the industry (SIC 2033) is one of the largest, with
an estimated product value of $9 billion in 1981.

This food

processing industry is a major source of water pollutants
(COD, BOD^ and suspended solids) and solid residues.

The

industry does not produce significant amounts of air pollu
tants and toxic substances.

Water usage is high but reuse,

and recycle present several problems due to health standards.
The canned fruits and vegetables industry derives about 70%
of its energy from natural gas (96).

Energy problems in the

industry include both the availability and the cost of fuel.
Natural gas curtailment has been a problem for the industry.
Tremendous quantities of waste are produced by the
canned fruit

and vegetable

industry.

A review of the

industry's waste was recently reported (97).

In 1971 there

were about 1800 fruits and vegetables processing plants that
employed 170,000 people.
processed that year.

About 24 gigagrams of product were

Waste production amounted to about 360

megagrams of BOD^, 180 megagrams of suspended solids, and
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7 gigagrams of solid residues.

Water usage totaled 310 Mm

3

in 1971.
Annual waste production in the sweet potato, white po
tato and total fruits and vegetables industries are listed
in Table 5 (97).
Wickel et. al. reviewed vegetable processing wastes.

In

a representative potato processing plant, the wastewater con
tained 2.0 wt 70 solids, 0.62 wE

% BOD^,

and 0.94 wt 7. COD.

They found a high positive correlation between COD and BOD^,
and recommended substitution of the COD for the BOD^ test (98).
Colston and Smallwood characterized sweet potato process
ing wastewater (99).

Potato canning is seasonal, taking place

primarily between September and December.
conventional canning range from 40 to 607>.

Product yields in
With wastes nearly

equivalent to product, the industry is plagued with severe
disposal problems.

Although solid wastes are generated, most

wastes wind up in aqueous effluents.

The aqueous wastes are

characterized by high concentrations of suspended solids,
BOD^, and alkalinity.

Pollutant levels in the study included

30 grams BOD^, 70 grams COD and 15 grams suspended solids per
kilogram of product.
The peeling process accounts for about 757. of the BOD^
of potato wastes.
used (100).

An alkaline peeling process is commonly

This process consists of immersing potatos

in hot (100°C) caustic (10 wt

% NaOH)

for 2 to 8 minutes.

The softened layer is removed by either washing with a water
spray or abrasion with rubber rollers.

The discharged waste

has a high organic and caustic content (101).
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Table

5.Food Processing Wastes
Sweet
Potato

Raw Product (Gg)

0.14

White
Potato
2.18

Total
Industry
23.7

Wastewater (L/kg)

10.8

14.2

13.4

B0D5 (g/kg)
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23.5

15.5

Suspended Solids (g/kg)

19.5

26.5 ,

Solid Residues (g/kg)

--

380

7.5
320
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Treatment of Potato Wastes
Aerobic treatment is the conventional wastewater treat
ment system used for food processing wastes.

Activated sludge

systems are commonly used, and are considered "state of the
art" by the U.S. Environmental Protection Agency (U.S. EPA).
Power inputs of 26 MJ/kg BOD^ of potato wastes are required
for this type of treatment (102).

Because of the character

istically high organic loadings, required equipment sizes
and power inputs are very, costly.
The U.S. EPA issued effluent guidelines and standards
for the canned fruits and vegetables industry in 1976 (103).
It recently reviewed waste treatment processes for several
agricultural industries, including the vegetable processing
industry.

The U.S. EPA substituted best conventional p'ollu-

tant control technology (BCT) for the previously promulgated
best available treatment technology economically achievable
(BAT).

BCT levels of treatment were chosen because of their

cost effectiveness.

BAT standards were withdrawn because

they were considered unreasonable.

The "reasonableness"

test was a comparison of pollutant removal costs at a plant
with the corresponding cost of removal in a domestic waste
water treatment plant (104).
By-Product Recovery
Several treatment processes have emphasized by-product
recovery from potato wastes.

Solid wastes such as potato

pieces have been recovered and dried for use as animal feed.
However,

the high energy costs of dehydration have reduced
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the desirability of this approach.

Alkaline potato wastes

have been recovered in semi-solid form in a process called
dry caustic peeling.

Much research has been done on the

fermentation of concentrated alkaline potato wastes for
animal feed production (105).

Organisms responsible for the

reduction of substrate pH from 12 to 5 are primarily the
lactic acid type, which are naturally present in the waste.
Potato wastes contain a relatively high amount of pro
tein.

This valuable by-product can be recovered in several

ways.

Knorr reviewed the state of the art of protein recovery

from potato processing wastewater (106).

The conversion of

potato processing wastes to ammonium salts of organic acids
has been reported (107).

The salts have been used as a

cattle feed supplement.
Anaerobic Digestion of Food Waste
Traditionally, anaerobic digestion has held a support
ing role in wastewater treatment of food wastes.

It has not

been commonly used as a major treatment process.

The sludges

from primary and secondary treatment, but not the raw waste
water, have been subjected to anaerobic digestion.

Several

food industries (meat packing, brewery, alcohol distillery)
have utilized anaerobic digestion to some extent.

Anaerobic

digestion must still gain acceptance as a principal treatment
process for food industry wastes (108).
Kirsch and Sykes reported anaerobic digestion studies
of several food processing wastes (67).

Food industry
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wastes are especially amenable to anaerobic treatment.

The

organic waste concentrations, which would require substantial
aeration costs, are well-suited for anaerobic digestion.

An

other advantage is the low nutrient requirements of anaerobic
digestion.

The food waste itself is likely to have sufficient

nutrients for anaerobic organisms.
The production of methane from various food processing
wastes was studied by van den Berg and Lentz (109).

They ob

tained methane production rates several times greater than
conventional values.

An alkaline potato peel waste measured

4.2 wt % solids, 3.6 wt % volatile solids (VS), 0.7 wt % sus
pended solids and 3.84 wt

°/0 chemical

oxygen demand.

The nu

trient ratio C0D:N:P measured 320:10:1, before nitrogen sup
plementation.

The maximum loading was determined where the
3
volatile acids exceeded 1500 g/m . At the maximum loading of
3
3
3
2.4 kg VS/(m *d), methane production was 0.6 m CH^/(m *d).
3
3
Yeast extract increased production rates to 1.1 m CH^/(m *d).
Chemical oxygen demand reduction was 62% at a 9 day hydraulic
retention time in laboratory-scale digesters at 35°C.
The performance of an anaerobic-aerobic treatment system
for potato processing waste was reported (110).

Plant waste

water characteristics included 1.71 wt %> solids, 1.00 wt %
suspended solids, 1.25 wt

% COD

and 0.60 wt

°/0 BOD^.

The

anaerobic pond was covered with a styrofoam layer to prevent
oxygen poisoning.

The temperature in the pond averaged 23°C,

though ambient conditions were about 13°C.

A retention time

of 8 days resulted in an effluent containing 1 g/m

volatile

49
acids.

Removal efficiencies were 62% of COD, 74% of BOD^

and 78% of suspended-solids.

The total anaerobic-aerobic

system removal efficiencies were 96% of COD and 99%, of BOD^
and suspended solids.
A two-stage anaerobic digestion system was reported
for treatment of a confectionery plant waste (78).
cells were settled and recycled.

Acid

The methane stage cells

did’not settle, even with chemical treatment.

Retention

times were 1 day for the acid stage and 15-20 days for the
methane fermenter.
Letlinga et. al. reported the results of laboratory
and pilot plant studies of anaerobic digestion of sugar
beet and potato wastes (69).

The upflow sludge blanket

reactor performed the same whether single-stage or twostage digestion was used.
Anderson et. al. discussed applications of the anaer
obic contact process for various food processing wastes
(111).

Cell separation was improved in the clarifier by

cooling the fermenter effluent.

Several laboratory and

full-scale plant studies indicated that anaerobic contact
digestion can achieve very high efficiencies.
Chittenden et. al. reported the development and design
of flexible covers for anaerobic lagoons (112).

The covered

lagoons were much more economical than comparable aerobic
systems.

A 5-ply, 45-mil Dupont Hypolon membrane was

chosen as the lagoon cover.
boiler fuel was proposed.

The use of digester gases for
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Single Cell Protein
Food processing wastes are ideally suited for single
cell protein (SCP) production.

The wastes are generally

clean-biodegradable substrates for microbial growth.
Litchfield reviewed SCP production for food or feed uses
(113).

Bacteria have been used for SCP production because

of their high growth rates.

Typical doubling times for

bacteria used for SCP are 20-30 minutes.

Important con

sideration for bacterial culture include cell yield on
substrate, maximum growth rate, temperature and pH con
ditions, and freedom from pathogenic organisms.

Substrate

concentrations in fermenter feeds range from 1-5 wt %, with
about 10/1 carbon-to-nitrogen ratio.

Productivity (mass of

cells produced per volume of fermenter per unit time) is an
important performance measurement for SCP production.

Limit

ing conditions for bacterial culture are usually oxygen and
substrate mass transfer to the cells, and heat production.
A typical cell yield is about 50% of substrate consumed.
Bacterial cells are usually 1-2 micrometer in diameter and
are grown to densities around 10-20 kg/m .

Several problems

occur during cell recovery operations, and centrifugation
costs can be high.

Alternate methods, such as cell floccula

tion, have been developed for cell recovery.
Certain bacteria can cause infection, excrete toxins,
or contain endotoxins.

Some members of the Enterobacteriacea

contain endotoxins that can adversely affect humans or ani
mals.

These bacteria can also readily mate with pathogenic

51
bacteria to form pathogenic organisms.

It should be recalled

that hydrogen-producing bacteria found in sewage sludge are
commonly members of Enterobacteriaceae.

Therefore, special

precautions should be taken to verify the safety of any
hydrogen-forming bacteria.

On the other hand, the rumen bac

teria produce hydrogen and they are obviously safe for the
rumen animals.
Single Cell Protein from Food Wastes
Hang reviewed SCP production from food processing wastes
(114).

The reasons for increased interest in this area in

clude the high cost of conventional proteins, improvements
in fermentation, and increased negative costs of food wastes.
Organisms used in SCP production from food wastes include
yeast, fungi, bacteria and algae.
strates include molasses,
others.
(115).
factor.

Food wastes used as sub

bagasse,' whey, canning wastes and

Moo-Young evaluated the economics of SCP production
Raw material costs are the most significant economic
The negative cost values of food wastes, due to

waste treatment, make them ideally suited for SCP production.
Utilities costs for sterilization, aeration, cooling, harvest
ing and drying are the next most important economic factors.
The plant size and seasonal nature of food wastes are addi
tional considerations.
The two by-products of sugar cane processing, molasses
and bagasse, probably represent the extremes of substrates
for SCP production.

Molasses is readily consumed by micro

organisms and requires no pretreatment.

It has traditionally
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been used for yeast production (116).

On the other hand,

bagasse is a substrate that is very resistant to microbial
attack.

Bagasse is a lignocellulosic waste and requires

chemical or enzymatic pretreatment to enhance its biodegradability.

Callihan et. al. developed a process for SCP

production from bagasse using alkaline pretreatment and a
bacterium Cellulomonas uda (117).
Other food wastes used for SCP production lie within
these two extremes of substrate susceptibility to microbial
attack.

Starch-containing food wastes have an intermediate

resistance to bioconversion.
wastes are principally starch.

Potato and corn processing
The Symba process for SCP

production from potato waste is well known.

It was developed

for wastewater treatment and results in a 90% reduction in
BOD^.

The rate limiting step in the process is starch hydro

lysis to sugars (118) .

Dambo.is discusse'd production of SCP

from potato processing wastes.

Yields of yeast as high as

50% of the substrate consumed were reported (119).

Corn

wastes have been successfully treated by cultivation of the
fungi T. viride.

Based on BOD^, a yield of 50% and 96% con

version was reported by Church et. al.

(120).

Other food

wastes used for SCP production include coffee processing
wastes (121), confectionery effluent (122), and whey (116).
There has been relatively little research done in the
area of SCP production via an anaerobic process.

Forney

and Reddy reported a process for lactic acid production from
potato wastes.

Ammonia was used to neutralize the lactic
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acid and form an ammonium salt for a cattle feed supplement
(123) .

Thomas and Evison reported an anaerobic digestion

process for SCP production.

An acid stage digester was

operated for volatile fatty acid production.
then grown on the organic acids (124).

Yeasts were

Hobson et. al. brief

ly considered the advantages of anaerobic SCP production.
The problem of pathogen contamination in SCP production was
discussed.

Selection of food processing wastes as substrates

was thought to ensure a pathogen-free SCP.

A product of de

fined qualities was thought possible (5).
Purpose of the Research
In his review of anaerobic digestion, Hobson concluded
that most laboratory investigations in this area have only
"slight relevance to the operation of a full-scale plant"
(5).

A major reason for this is the fact that artificial '

culture media are not representative of industrial wastes.
Another significant factor is the complexity of anaerobic
digestion, which makes scale-up extremely difficult.
It is fair to say that the fundamentals of anaerobic
digestion are well known.

The most needed research is in

the traditional chemical engineering area of translation of
laboratory techniques to industrial processes.

The need for

a process development approach in anaerobic digestion studies
has been expressed by many researchers in the field.
These considerations were recognized from the onset of
the research reported in this dissertation.

An actual food

waste, alkaline peel waste generated by a potato canning
plant, was chosen as the substrate for anaerobic digestion
studies.

Although principally starch, the waste contains

significant amounts of alkaline degradation products and sodium hydroxide.

Anaerobic digestion conditions were se

lected to correspond to a proposed full-scale wastewater
treatment system for a typical canning plant.

In this way,

the relevance of the present research was assured.

The

specific goals of the research are:.
1.

The determination of the feasibility of anaerobic

digestion of alkaline potato waste for methane production.
2.

The pilot-scale demonstration of an anaerobic

treatment system for a typical food plant waste.
3.

The exploration of a novel single cell protein pro

duction process using anaerobic digestion.

CHAPTER III
EXPERIMENTAL METHODS
General
There were three phases of the research:

bench-scale

investigation and pilot-scale demonstration of anaerobic
digestion, and laboratory*-scale single cell protein studies.
Anaerobic digestion for methane production was the major
subject of the research.

Alkaline potato waste was the

primary substrate for fermentation.

The single cell protein

studies were of an exploratory nature, with emphasis on the
effects of pH, retention time, and substrate concentration.
Bench-Scale Anaerobic Digestion
A number of bench-scale anaerobic digestion studies
were conducted.

Digester systems were relatively simple,

and consisted of Erlenmeyer flask-fermenters, tubing, pumps,
gas collection vessels and other equipment.

Maintenance of

anaerobic conditions and collection of digester off-gases
were primary considerations.

Both single and two-stage

anaerobic digestion studies were performed.

A brief descrip

tion of the major equipment used in the anaerobic digestion
studies is given below.
Erlenmeyer flasks, ranging from 500 mL to 4000 mL
volume, were equipped to serve as fermenters.

They were
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stoppered and fitted with glass and tygon tubing, connectors
and clamps.
Peristaltic pumps and controllers were used for feeding,
withdrawal, and periodic agitation.

Masterflex tubing pumps

and controllers distributed by Cole-Palmer, Inc. were commonly
used.
Gas collection systems were usually the inverted
cylinder-type, filled with an acidified, saturated salt
(NaCl) solution.

Carbon dioxide solubilization was mini

mized in these solutions.

Graduated cylinders (2 liters)

or calibrated glass cylinders (10 liters) were used.
Anaerobic digester temperature was typically controlled
by immersion of the fermenters in a constant temperature
bath.

The Blue M Electric Company Magniwhirl constant tem

perature bath was used.

Digestion temperature was maintained

at 37°C, the mesophilic optimum temperature.
A New Brunswick Scientific Company, Inc. Controlled
Environment Incubator Shaker was used in several experiments
for both temperature (37°C) control and agitation (150 rpm).
An American Cyclomati Control Autoclave was used for
heating during synthetic feed preparation.

The feed and

equipment were not sterilized in these studies.
Other laboratory equipment used include Mettler K-4
and H-10 balances, a Hobart Model N-50 mixer, standard
sieves, and reagent grade chemicals.
A schematic of a typical two-stage anaerobic digestion
system is shown in Figure 3.

The digesters were operated

Feed
Bottle
(1L)

Inverted
Graduated
Cylinders,

■»Sample

Sample
Acid
Fermenter
(2L)

Acidified
Saturated NaCl
Solutions

* Sample
First CH
Fermenter
(4L)

Second CH^
Fermenter
(4L)
Figure 3.

Typical Bench Anaerobic Digestion System
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in a semi-continuous (daily feed and withdrawal) fashion.
A brief description of the procedures used is given below.
1.

Final gas volumes are measured; the gas is sampled

and analyzed.
2.

The methane fermenter is discharged; the effluent

sampled and analyzed.
3.

The acid fermenter is discharged; the effluent is

sampled and transferred to the methane fermenter.
4.

Feed is prepared, sampled, and transferred to the

acid fermenter over a period of time, usually 8 hours.

The

daily feed volume is:
^
„
, .. ,
Volume Acid Fermenter
Volume Methane Fermenter
Daily Feed Volume = It3 Retention Time
=
Ite Retention Time----

For the system shown in Figure 3, a typical daily feed vol
ume is 0.5 L, containing 1.0 wt
5.

% alkaline

peel solids.

Initial gas volumes are then recorded.

The anaerobic digesters were operated at a given set of
conditions until a steady state was achieved.

A minimum of

two hydraulic retention times, and typically a month was re
quired to achieve steady state operation at a given set of
conditions.

Retention times varied from 1 to 2 days for the

acid fermenter, and 4 to 8 days for the methane fermenter.
Inoculum
Several inoculum sources were used in the course of the
research.
sludge.

These include different animal manures and sewage
Both primary and secondary anaerobic digester

sludges were obtained from the Baton Rouge sewage treatment
plant.

The sludges were screened through a 60 mesh sieve

and added to the fermenters.

The sewage sludges were found

to be excellent inoculum sources, and were used during most
of the research.

Tap water was added to the inoculum, and

the system was flushed with nitrogen.

The inoculum was then

acclimated to the alkaline potato waste substrate.

Accli

mation involved low substrate loading to the fermenters and
careful monitoring of fermenter performance.

Loading was

increased until volatile fatty acids began to accumulate
and gas production fell.

Feeding was then stopped for sev

eral days to allow the overloaded fermenter to return to
normal acid concentrations and gas production.

The gradual

increase in loading continued until the desired set of con
ditions was reached.
about a month.

The. acclimation period.typically lasted

Once acclimated, the fermenter was operated

at a given set of conditions until steady state was reached.
The fermenter was subjected to a different set of operating
conditions without additional inoculation and acclimation.
It was necessary to inoculate and acclimate again when fer
menters failed due to temperature upsets, severe over-loading,
or oxygen poisoning.
Substrate
Alkaiine potato wastes were obtained in concentrated
form from the Joan of Arc canning plant in St. Francisville,
Louisiana.

Solids concentrations were typically 20 wt %,
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with a pH greater than 12.

The substrate was stable at room

temperature for extended periods of time if maintained under
anaerobic conditions.

However, the alkaline peels were fro

zen to minimize any degradation and were thawed just prior
to use.

The solids were diluted with tap water and screened

through a 60 mesh sieve.

The screened slurry was further

diluted with tap water to the desired solids, volatile solids
or COD concentration.

In early studies a nutrient package

was added to the slurry.

This was soon found to be unnecessary

and nutrient addition was discontinued.

Yeast extract was

added to feeds used during the acclimation period of a fer
menter.

This apparently reduced the required time of accli

mation.
Feed concentrations ranged from 1 to 5 wt % solids, and
the pH ranged from 10.5 to over 12.

Feed was analyzed to

insure proper concentration prior to use.

It was added to

the feed bottle, which was immersed in an ice bath.

The

slurry was mixed well during feeding by a standard magnetic
stirring apparatus.
Because potato canning is seasonal, it was necessary to
produce a synthetic alkaline peel waste when the stored
plant waste was exhausted.

The synthetic alkaline peel was

produced by a process that simulated that in the canning
plant.

Potatoes were immersed in a 10-12 wt % NaOH solution

maintained at 100°C.
utes.

Retention time in the bath was 7 min

The potatoes were then drained, immersed in a minimum
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amount of water, and the softened peel removed by hand.
Analyses indicated that alkaline peel obtained this way
was very similar to the actual plant waste.
Analyses
Analyses of fermenter feeds and effluents required a
significant part of the research effort.

The conventional

wastewater analyses given in "Standard Methods for the
Examination of Water and Wastewater" (64) were performed.
In addition, specific analytical methods were developed for
characterization of samples.

A brief description of the

major equipment used in analyses of anaerobic digestion
feeds and effluents is given below.
1.

Mettier K-4 and H-10 balances were used in many

of the analytical procedures.
2.

A Sargent Analytical Oven,' Low Gradient was

used '

for drying samples at 103°C.
3.

A Precision Thelco Model 19 vacuum oven was

operated

at 70-80°C, and less than 15 kPa pressure, for drying heat
sensitive substances such as bacterial cells.
4.

A Blue M Electric Company Lab-Heat Box Type muffle

furnace was operated at 550°C for volatile solids and ash
determinations.
5.

A C o m i n g Model 10 pH meter with temperature com

pensation was used, along with standard buffer solutions.
6.

An International Refrigerated Centrifuge Model

B-20 was used to separate bacterial cells and other suspended
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solids from samples.

It was typically operated at 5°C,

15,000 rpm for 15 minutes.

The Oak-Ridge type 50 ml centri

fuge tubes were commonly used.
7.

A Beckman DB-G double beam grating spectrophotometer

was used for several analyses at various wavelengths.
8.

A Varian Aerograph Series 1800 Gas Chromatograph

with a Varian Aerograph Model 20 recorder was used for gas
analysis.

The column was 9.1 meters long, 0.635 cm in dia

meter, and filled with 27% DC-200/500 on 30/60 Chromosorb P.
Helium was the carrier gas, and the oven was maintained at
50°C.

A 100 DC milliamperes filament current was used for

the thermal conductivity-type detector.
9.

A Perkin-Elmer Sigma 3B gas chromatograph with an

integrating recorder was used for volatile fatty acid analy
sis.

The column was 1.35 m long, 3.2 mm diameter and

packed with 7.5 wt % polyethylene glycol 400 monostearate
plus 0.75 wt % HgPO^ on 60/80 acid washed ethanol and ace
tone extracted chromosorb P.
overnight at 130°C.

The column was conditioned

Operating conditions include 100°C

oven temperature, 220°C injector temperature, 200°C detec
tor temperature and 30 mL/min helium carrier gas flow.

A

hydrogen flame-type detector was used.
It was necessary to perform numerous analyses of samples
during the anaerobic digestion studies.

An analyses request

sheet used for most samples is included in the Appendix.
brief description of the major analyses performed is given
below.

A
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1.

Total solids or residue, determined as solids

obtained upon drying of the sample for 24 hours at 103°C,
following Standard Methods (64).
2.

Volatile solids, measured as loss of residue upon

ignition at 550°C, following Standard Methods.
3.

Chemical oxygen demand (COD) was determined using

the procedure in Standard Methods.

Samples were diluted

to COD concentrations of about 500 g/m
4.

3

before analyses.

Total carbohydrates were measured as glucose

equivalent by the phenol-sulfuric acid test developed by
Dubois et. al.

(125).

Samples were diluted to carbohydrate
o

concentrations of about 50 g/m .

The method included

addition of 1 mL of sample, 1 mL of 6 wt % phenol, and 5 mL
of concentrated sulfuric acid.

The calibration curve of

absorbance versus glucose concentration is given in Figure
Al of the Appendix.
5.

Alkalinity of the highly buffered alkaline waste

was determined by acidification, heating, and back-titration
using standard acid and base solutions (1.0 N ) .
6.

Volatile organic acids were determined by the silicic

acid chromatography technique of Standard Methods.

Indi

vidual organic acids were determined using the Perkin-Elmer
Sigma 3B gas chromatograph and column described earlier.
Standard curves for acetic, propionic, i-butyric and n-butyric
acids are given in Figure A2 of the Appendix.

Sample volumes

were 5.0 yL, and repeated injections were required to obtain
reproducible results.
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7.

Biuret protein was used to measure bacteria con

centrations.

The cell pellet obtained upon centrifugation

(15,000 rpm, 15 minutes) of a sample was analyzed for pro
tein by the modified Biuret method of Herbert et. al.

(126).

A calibration was prepared using a 57o bovine albumen solu
tion, in a 0.7 wt
pany.

% NaCl

buffer sold by Sigma Chemical Com

A standard curve of absorbance versus protein (BSA)

concentration is shown in Figure A3 of the Appendix.
8.

Gas composition was obtained by injection of 10 mL

of gas into the Varian Aerograph Series 1800 gas chromato
graph and column described earlier.
9.

BODij was determined using the Hach Chemical Com

pany Monometric BOD Apparatus, Model 2173.

The final efflu

ent of the Joan of Arc canning plant was used as seed for
the test.
Pilot-Scale Anaerobic Digestion
At the request of the Louisiana Department of Natural
Resources, the possibility of anaerobic digestion of a local
food processing plant's wastewater was investigated.

The

Joan of Arc Company's canning plant in St. Francisville,
Louisiana was studied regarding its process, production,
wastewater flow and existing waste treatment system.

It

was proposed, based on bench scale studies, to convert the
existing activated sludge system to an anaerobic pond for
wastewater treatment and methane production.

An anaerobic

digestion pilot plant was designed, constructed and operated
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to demonstrate the feasibility of the proposed anaerobic
pond.

The design bases of the pilot plant was the expected

operating conditions of the proposed anaerobic pond.

There

fore a description of the Joan of Arc plant operation is in
order.
Joan of Arc Company’s Canning Plant
The Joan of Arc Company has a large canning plant in
St. Francisville, Louisiana.

It is representative of many

well-run food processing plants in the United States.
potatoes, the major product, are canned in the Fall.
Spring, Irish potatoes and other foods are canned.

Sweet
In the

An aver

age product yield of about 61 wt % of raw product is typical
for the plant.

This value compares favorably with similar

canning plants.

Most of the raw product losses are wastes

that are treated in biological oxidation ponds.

Some solid

waste (potato pieces) is recovered, dehydrated and sold as
cattle feed.

Production figures for a recent year are given

in Table 6.
The canning process used at the Joan of Arc plant is
commonly used at many food processing plants.

The raw

product is received, stored, and removed as needed for the
production schedule.
to the sizer.

The potatoes are washed and filmed

Potatoes smaller than a standard size are

removed and later recovered for cattle feed.

The sized

product then travels on a conveyor through large vats con
taining a 10-12 wt

% NaOH

solution.

The vat temperature is
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Table 6.

Joan of Arc Production Figures

Sweet
Potatoes

Irish
Potatoes

Total

10.01

6.33

16.34

Canned Product (Gg)

6.06

3.86

9.92

Cattle Feed (Gg)

0.37

---

0.37

Waste to Ponds (Gg)

3.58

2.47

6.05

Raw Product (Gg)*

Product Yield (wt

%)

Total Dry Waste (Gg)**

60.5

61.0

1.07

* Gg (10^g) = 1102 tons (short, 2000 lb)
** Assuming waste averages 27 wt % solids

0.67

60.7
1.74
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about 100°C, and retention time is about 7 minutes in the
bath.

This treatment softens the outer surface which is

removed by mechanical peeling, followed by water washing.
The peeling operation results in a concentrated, highly
alkaline potato waste.

-

This operation produces the majori

ty of the organic waste discharged by the plant.

The peeled

potatoes are then washed, trimmed, graded, sliced and canned.
Filled cans are then sterilized in large horizontal retorts.
Cooling water is reclaimed and recycled to the front end of
the process.

Wastewater stream segregation is practiced,

with only the moderately concentrated streams sent to the
activated sludge system.

The activated sludge system is

followed by three aerobic polishing ponds.
The Joan of Arc plant wastewater production was studied
to determine organic loading and methane potential.

The

wastewater flow to the activated sludge system was measured
with a weir.

During plant operation, the average wastewater

flow is 230 m /h.

The plant typically operates 9 hours a

day, so the daily average wastewater flow is about 86 m /h.
Flow equalization and evaporation occurs in the activated
sludge system and the three polishing ponds.

The final

effluent of the plant measures about 75 m /h.
Wastewater characteristics vary during plant operation.
During one processing day, wastewater samples were collected
periodically (1 1/2 hour intervals).

Wastewater pH ranged

from 11.3 to 12.5, total solids varied from 0.26 to 1.66 wt %,
and normality ranged from 0.017 to 0.052 during plant

operation.
0.67 wt
0.62 wt

A spot sample of plant wastewater measured

% total
7o COD.

total solids.

solids, 0.42 wt

°L volatile

solids, and

A composite sample contained 1.06 wt

%

For the same day, a material balance was

made for the plant.
During the 9 hour plant operation,
g
188 Mg (10 g) of raw product was processed.
Canned pro
duct measured 119 Mg, for a 63 wt % product yield.
drated cattle feed measured 1.9 Mg.

Dehy

The solids content

of the potatoes processed that day was 29.5 wt %.

A ma-

3

terial balance for the plant and a flow of 230 m /h results
in a calculated 0.98 wt

%

solids content in the wastewater.

This agrees well with the 1.06 wt % solids in the composite
sample.
The activated sludge system at the plant includes a
O

17,000-m

A O

pond, which has an area of 0.405 hectare (10 m )

and a depth of 4.3 m. At the daily average wastewater flow
3
of 86 m /h, the retention time in the pond is 8.2 days.
There are six large agitators on this pond, which run con
tinuously.

The total power to the agitators is about 340

kW, resulting in electrical power costs of $0.033/kWh or
about $8000 per month.
A complete analysis of the activated sludge system was
not made.

However, the pond contents were sampled, and mea

sured at 0.89 wt % solids, and 0.56 wt % volatile solids.
While these values include recycled aerobic cells, it is
apparent that the system does not remove the majority of
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the organic waste.

In addition, maintenance problems are

severe and effluent guidelines are sometimes exceeded.
An anaerobic pond could be substituted for the acti
vated sludge system by removal of the agitators and cover
ing the pond.

The anaerobic system would be subjected to

the same organic loading and wastewater flow as that of
the activated sludge system.

It is fortuitous that these

conditions are within the range of those commonly used in
anaerobic digestion.
Anaerobic Digestion Demonstration Unit
The proposed anaerobic pond was demonstrated by the
operation of a pilot-scale anaerobic digestion system located
at the Joan of Arc canning plant site.

Based on the preced

ing analysis, the design bases of the pilot plant were:
3

1.

Wastewater flow equivalent to 86 m /h to a
3
17,000-m anaerobic pond. A hydraulic retention time in
the digester of 8 days is roughly equivalent to these two
conditions.
2.

Wastewater characteristics including about 1.0 wt %

total solids, consisting primarily of alkaline peel waste.
Volatile solids, COD and solution pH are correlated with the
alkaline peel solids.
3.

Digester configuration and flow patterns corresponding

to a relatively shallow, unmixed pond.
The volumes and flowrates of the pilot plant were about
one-thousandth the scale of the proposed anaerobic pond.

A
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schematic of the pilot plant is given in Figure 4.

A de

scription of the major equipment is given below, with refer
ence to Figure 4.
3
1.
A 38-m alkaline peel storage tank contained con
centrated alkaline peels.
3

2.

A 0.38-m

mixing tank (M-l) and stainless steel

screen with a 1-mm opening was used for feed preparation.
3
3.
A 1.89-m feed tank (T-l) held a one-day supply of
feed.

The feed particles were kept suspended by a 0.56 kW

agitator.
4.

Centrifugal pump (P-l) recirculated and transferred
3
T-l contents at a flow rate of 0.17 m /min.
5.

The acid stage fermenter (T-2) had an available
3
volume of 2.27 m .
A 0.37-kW agitator and recirculating
3

pump (P-2), with a flowrate of 0.11 m /min, provided mixing.
6.

A Lapp diaphragm pump provided a constant T-2
3
pumpout of about 1.8 m /d.
7.

A float-type liquid level controller (LLC-1) main

tained a constant T-2 level by operation of solenoid valve
(V-l) on the T-l to T-2 transfer line.
8.

The methane stage fermenter (T-3) was a converted

railroad tank car with dimensions 2.0-m diameter, 9.8-m
length, and standard heads.

The fermenter liquid level was

maintained at the half-filled height of 1.0-m, for a total
3
liquid volume of 15.4 m . A dome on top of T-3 had a volume
3
3
of 6.3 m . The total volume of the vapor space was 16.0 m .

Alkaline
Peels
Storage
Screen

Dilution
Water

A-1
A-2

V-l
M-l

Mixing
Tank

T-l
Feed
Tank

LLC-1

T-2
Ac i d
Fermenter

Sample
(T-2)

^ Sample
(T-l)
P-l

P-2

P-3

PI-1

Gas
Lamp
M-l

Sample
(S-4)

GC

T-3
Methane Fermenter

r ,
1

“H V

Sample
(S-2)

Sample

(s-D

Sludge Recycle
P-4

Figure 4.

*

Demonstration Unit Schematic

Sample
(S-6)

Drain
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Digester liquid temperature was measured with a dial ther
mometer (TI-1).
9.

Clarifier (C-l) had dimensions 0.6-m width, 0.9-m

length and 0.6-m height.

It was operated at a liquid volume

3

of about 0.3 m .

Clarifier overflow was taken from the mid

point (0.3 m) of the clarifier height.
10.

Recycle pump (P-4) periodically (daily) transferred

the entire clarifier volume of 0.3 m
11.

to the front of T-3.

Digester gas pressure was measured with a pressure

gauge (PI-1), located near a standard natural gas meter (M-l).
Daily flows were measured with the gas meter.
12.

A low-pressure backpressure regulator was installed

downstream of the gas meter.

Digester gases were vented

to maintain a constant pressure in T-3.
13.

A standard natural gas-type house lamp was used to

demonstrate the flammability of the digester gas.
14.

An on-line gas chromatograph was used to measure

the digester gas composition.

The instrument was a Consoli

dated Electrodynamics Corp. Cat. 26-002 chromatograph control,
and 26-014 analyzer.

Helium was used as the carrier gas.

A

Speedomax/Type G recorder by the Leeds and Northrup Co. was
used.
15.

In the latter part of the investigation,

low ambient

temperatures necessitated the insulation of T-3 and the in
stallation of 4-1.1 kW-radiant heaters beneath the tank.

A

black plastic cover was placed around T-3 to reduce convective
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heat losses.

Insulation and heaters were installed on

October 6 , 1980.
16.

Thermocouples were placed beneath T-3, in the

liquid and gas phases, and just beneath the plastic cover
surface at the top of T-3.

A multipoint temperature recor

der was used to monitor temperature variations over several
24-hour periods.
17.

The majority of the lines in the pilot plant were

2.54 cm diameter PVC pipe.
1.3 cm carbon steel pipe.

The digester off-gas lines were
PVC, stainless steel and carbon

steel ball and gate valves were used.
18.

Sample ports were located in the circulating loops

of tanks T-l and T-2.

The methane fermenter T-3 was equipped

with sample ports at the entrance (S-l), axial midpoint (S-2),
bottom exit location (S-3), total effluent (S-4), clarified
effluent (S-5), and well-mixed clarifier recycle line (S-6) .
The pilot plant was operated in three modes:
1.
feeding.
2.
feeding.
3.
feeding.

Single-stage anaerobic digestion with continuous
This models flow equalization of wastewater.
Single-stage anaerobic digestion with discontinuous
This models the plant's current periodic discharge.
Two-stage anaerobic digestion with continuous
This models flow equalization and acid formation.

A brief description of the daily (including weekends)
operating procedure for the pilot plant is given next.
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1.

The alkaline peel waste was pumped to M-l, meas

ured, and water-washed through the screen to T-l.

A suf

ficient quantity of peel waste, depending on the solids
concentration, was transferred to bring the solids con
centration of the diluted feed in T-l to 1 wt %.
2.

T-l was mixed well and sampled.

The initial volume

was measured by volume versus liquid height calibration.
3.

For single stage operation, the valving was lined

up for T-l to discharge to P-3 suction, by-passing T-2.

In

two stage operation, valving was arranged for T-2 liquid
level control of T-l transfer to T-2.
4.

Lapp pump P-3 was adjusted for the correct pump

ing rate to T-3.

For continuous operation, metered flow was

set for a 24-hour transfer of T-l contents to either T-2 or
T-3.

In discontinuous operation P-3 was adjusted for an

8-hour transfer of T-l to T-3.

This corresponds to a non

equalized wastewater flow to the proposed anaerobic pond
during plant operation.
5.

Liquid samples of T-2 (in the two-phase mode) were

taken and stored in ice.
6.

Liquid samples (S-l to S-5) of T-3 were taken and

stored in ice.
7.

Clarifier C-l contents were well mixed, sampled

(S-6) , and transferred to the feed influent end of T-3.
8.

The gas meter reading was taken, and the 24-hour

gas production calculated using temperature and pressure
corrections.
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9.

Several gas samples were measured for nitrogen,

methane, and carbon dioxide composition with the on-line
gas chromatograph.
10.

T-3 temperature and pressure, T-2 temperature and

the ambient temperature were recorded.
11.

After a 24-hour period, the final volume of T-l

was recorded and the net volume fed calculated.
12.

The alkaline peel storage tank was filled as needed.

Between 2 to 3 weeks storage time was possible for a batch
of alkaline peels.

Degradation was apparent by a drop in

the peel pH, along with peel discoloration and odor problems.
13.

A significant amount of maintenance effort was re

quired for the pilot plant equipment.

Most of the pumps

failed several times, with the Lapp pump P-3 failing rou
tinely.

Several modifications in the piping were required

to prevent solids deposition.

The seal leg line between

T-3 and C-l plugged occasionally.
14.

With high gas production, scum formation in T-3

and C-l proved troublesome.

The C-l overflow was modified

to draw from the middle of the clarifier, below any scum
layer.

The scum accumulated in the clarifier was mixed

with C-l contents and recycled to the front of T-3.
15.

T-3 temperature was a problem in the late fall,

and necessitated installation of the radiant heaters and the
plastic sheeting around T-3 in early October.
16.

Significant gas temperature and pressure fluctua-r

tions were noted in T-3 over a 24-hour period.

Temperature
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and pressure readings were taken at about the same time each
day to minimize this effect.
17.

Liquid samples were analyzed by the methods de

scribed earlier in the bench scale anaerobic digestion sec
tion.
Single Cell Protein Study
The possibility of single cell protein production via
the acid stage of anaerobic digestion was explored.

A chemo-

stat or CSTR-type fermenter was used in all studies.
fermenter temperature was controlled at 37°C.

The

In most

studies, fermenter pH was controlled by base (NaOH) addi
tion.

A schematic of the fermentation system is given in

Figure 5.
1.

A description of the apparatus is given below.
A 250-mL filter flask served as the fermenter.

magnetic stirring bar provided agitation.

A

A glass feed tube

extended to the bottom of the fermenter, just above the
stirring bar.
a seal leg.

Liquid level was controlled by overflow through
With the immersed items in place, the volume of

the liquid while stirring was 270 mL.
2.

A 2-L feed bottle was immersed

in an ice bath to

prevent microbial activity in the feed.
3.

A Masterflex tubing pump and controller, connected

to a ratio controller for low flows, provided a constant
feed rate to the fermenter.
4.

A Cole-Palmer Instrument Co. Model 2157 electronic

temperature controller, thermocouple, voltage transformer'

NaOH
Solution
Control

Temp.
Control.

Heating
System

Vent

Liquid
Feed
Fermenter
(270 mL)

Acidified
Saturated
Salt Solution

Effluent

Ice Bath

Figure 5.

Single Cell Protein Study Apparatus
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and heating tape were used to maintain a constant 37°C in
the fermenter.
5.

An immersed pH probe and a Horizon Model 5650 pH

monitor and controller maintained the desired pH by base
addition.
6.

A Masterflex tubing pump, on pH control, trans

ferred a 6-N NaOH solution to the fermenter.

The NaOH

solution was stored in a bur^.t, which was vented through
Ascarite.
7.

The amount of base added was accurately measured.
Fermenter gases were measured by displacement of

an acidified, saturated salt solution.
Fermenter operation was extremely simple and relatively
trouble-free.

The effects of substrate concentration, reten

tion time and fermenter pH were evaluated.

Feed rate and

pH set-point were adjusted to obtain the desired operatingconditions.

Bacterial wall growth proved troublesome.

Substrate
Two substrates were used in the single cell protein
studies.

Alkaline potato waste was diluted, screened through

a 60 mesh sieve, centrifuged and filtered through a Whatman
No. 40 filter to remove suspended solids.

It was necessary

to use a soluble substrate to avoid interference in the bac
terial cell analyses.
Most of the studies utilized a glucose and simple-salts
media.

The standard media described by Evans et. al.

(127)

was modified for the high glucose concentrations used in the
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study.

Except for ammonium chloride, the mineral salt con

centrations of Evans et. al. was doubled.

Ammonium chloride

concentration was varied with the glucose concentration:
NH^Cl (kg/m^) = 0.214 x glucose (kg/m^)
3

In addition, 1.0 kg/m
media.

yeast extract was added to the

The concentrated stock solutions and media are given

in Table Al

of the Appendix.

The media was acidified to

pH 3.5 with concentrated phosphoric acid to inhibit microbial
growth in the feed.
Analysis
Samples of the fermenter at a given operating condition
were taken for bacterial cells, protein, volatile organic
acids, and total carbohydrates analyses:
1.

The dry weight of bacterial cells was obtained b y ’:
a.

Centrifugation of a 30-mL sample at 15,000 rpm
for 15 minutes.

b.

Washing of the cell pellet with 0.015 molar NaCl.

c.

Centrifugation of the washed suspension at
15,000 rpm for 15 minutes.

d.

Transfer of the cell pellet to a weighed alumi
num dish and drying at 80°C, 15 kPa for 24 hours.

2.

The protein content of the bacterial cells was ob
tained by the sample treatment of parts a-c above,
and by application of the biuret test described
earlier (126).
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3.

Organic acids were analyzed by the methods de
scribed earlier (64).

4.

Unconverted glucose was measured by performing the
total carbohydrate described earlier (125) on the
*

first supernatant obtained in the bacterial cell
analyses.

CHAPTER IV
RESULTS OF BENCH SCALE ANAEROBIC
DIGESTION STUDIES
Substrate Characterization
It was important to characterize the substrate in terms
of its properties related to methane production.

The most

important characteristic is the COD of the substrate, which
can be directly related to its methane production potential.
Other important, related variables include total solids,
volatile solids, total carbohydrates, organic acids, and
others.

The first approach to substrate characterization

was the evaluation of the composition of the raw material •
potatoes.
Colston and Smallwood reported the characteristics of
sweet potatoes and alkaline peel waste (128).

Their reported

values are given in Table 7.
For sweet potatoes, the ratio of COD to total solids is
1.06, which is close to the value of 1.19 for starch.

In

addition, the BOD/COD ratio of 0.46 indicates the high biodegradability of the potato.

The alkaline peel waste COD/

total solids ratio is about 0.91, indicating the presence
of components in the waste other than potatoes.
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The low
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Table 7,

Sweet Potatoes and Alkaline
Peel Waste Characteristics
(128)

Parameter
Total Solids

Sweet Potatoes
(kg/kg)
0.24

Alkaline Peel
Waste (g/m3)
35.000
7,700

Suspended Solids
COD

0.254

32.000

BOD

0.118

1,300

Total Nitrogen

0.0007

320

Total Phosphorous

0.0004

40
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BOD value of the alkaline waste indicates some type of in
hibition of microbial activity.
Sweet potato samples from the Joan of Arc plant were
analyzed.

Total solids ranged from 24 to 30 wt %, depending

on potato type, size and storage conditions.

Standard

food tables indicate that about 95% of these solids are
carbohydrate, primarily starch.

Therefore, it was thought

that the total carbohydrate analyses (125) would be the
best test for substrate measurement.

Whole sweet potatoes

were blended, dried, ground to a fine powder, and again
dried.

Various concentrations of these solids were analyzed

by the total carbohydrate test.

A calibration curve of

absorbance versus potato solids concentration is shown in
Figure 6 .

For comparison, the glucose-standard calibration

curve is also shown.

The total carbohydrate test gave very

nearly the same response for sweet potato solids as it did
for glucose.

The regression coefficients through the origin

are 0.011 and 0.012 for sweet potato solids and glucose, re
spectively.

Sweet potato solids measure 92.5 wt % glucose

equivalent.
Based on these results, it appeared that the best test
for the substrate would be the total carbohydrate analysis.
The test was simple, cheap and specific to the substrate.
Early research work utilized the total carbohydrate test for
analyses of feed and performance of the fermenters.

Later,

it was discovered that the total carbohydrate test results
were inconsistent with other analyses of anaerobic digestion.
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Several substrates were used for anaerobic digestion
studies, including the canning plant alkaline peel and steam
peel wastes.

Alkaline peel wastes were also generated by

laboratory simulation, of the canning plant process.

In a

few studies canned sweet potatoes were used as substrate.
The principal substrate was the alkaline peel waste.

Results

of analyses of representative samples of alkaline peel waste
and dilute digester feed are given in Table A-2 of the
Appendix.
The various test results are naturally correlated.
Important ratios of the test results are given in Table A-3
of the Appendix.
given in Table 8 .

Statistical analyses of these results are
Less variations in the relative analytical

results are noted for samples 6-12, which were actualsdigester
feeds.

The phenomena reflects the errors associated with

sample dilutions during analysis.

It is more difficult to

properly dilute the more concentrated feed sluries.

With a

typical sample dilution of 100:1 for the COD test, a single
slurry particle can have a significant effect on results.
Volatile Solids and Ash
Volatile solids averaged about 60% of total solids.
This would be an unusually low value for a natural organic
material.

The low volatile solids results reflect the

alkaline nature of the waste, with its correspondingly high
ash (40 wt%) content.

Ash is the difference between total

solids and volatile solids.

The alkalinity of the alkaline
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Table

8

SUMMARY OF ANALYSES RESULTS

Statistic*
(Samples 1 ■12 )
Mean
S.D.
C.V. (%)

Volatile
Solids
(VS/TS)

Total Carbohydrates
(TC/VS)
(TC/COD)

COD
(C0P7VS)

0.619
0.027
4.3

0.749
0.014
1.9

0.696
0.057
8.1

1.315
0.172
13.1

0.614
0.022
3.5

0,750
—
—

0.712
—
—

1.397
0.107
7.6

(Samples 6 ■12 )
Mean
S.D.
C.V. (%)

*Arithmetic mean, standard deviation (S.D.), coefficient
of variation (C.V.) = (S.D./Mean) 100%.
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peel waste was measured by titration with standard acid
solutions.

The alkaline peel waste was diluted to about

2 wt% and titrated.

The solution was highly buffered,

which resulted in an'unsatisfactory alkalinity test.

This

problem was overcome by addition of a known amount of acid
to the sample and back-titration to the equivalence point.
If the acidified solution was warmed slightly, a much sharper
equivalence point was detected.

Because the buffered nature

of the solution was eliminated by this procedure, the
presence of a carbonate system buffer is indicated.

Carbon

dioxide was removed from the solution by acidification.
Heating decreased further the solubility of carbon dioxide
in the solutions.
The alkalinity test results ranged from 1.7 to 4.7
equivalents of base per kilogram of alkaline solids.
average alkalinity value was 3.4 mol/kg of solids.

The
However,

variability among the samples was high, with a standard
deviation of 1.2 mol/kg.

These very high alkali concentra

tions resulted in high ash levels, and therefore lower
volatile solids values.

The alkalinity could be present

as sodium-hydroxide, -bicarbonate, -carbonate and various
carbonate hydrates.

The buffered character of the samples

indicated that a mixed carbonate salt is the most probable
form of the alkali.

For example, if ^ 200^ is the form

of the 3.4 mol/kg alkalinity, the corresponding ash content
of the sample would be 36 wt%.

This agrees quite well with
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the 40 w t % average ash content of the waste.
was performed to test this theory.

An experiment

An alkaline feed

measured 40.0 wt% ash content of the total solids.

Another

sample of the same feed was acidified, neutralized and
analyzed.

After taking into account the added chloride,

the ash content dropped to 23 wt% of total solids.

A value

of 21 wt% ash in the total solids would be expected if the
carbonate were removed from the sample.

Therefore sodium

is apparently the major component of the ash in the alkaline
peel waste.

A specific test for sodium would have been

desirable for the alkaline peel waste.

Given the nature

of the alkaline peeling process, development of an analytical
method specific to sodium was not deemed necessary.

The

alkalinity test was acceptable as an estimate of the alkali
or sodium content of the samples.
Total Carbohydrates
One of the more surprising results of the analyses of
alkaline peel waste was the fact that total carbohydrates
were not equal to volatile solids.

Total carbohydrates

averaged only 75% of total solids in the alkaline peel waste.
On the other hand, total carbohydrates were about 93% of
whole potato solids.

Also, total carbohydrates measured

only 70% of the COD value of the waste, as opposed
to a calculated 87%.

These discrepancies indicate that

some of the original carbohydrates were converted to other
products in the alkaline peeling process.

These other
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products would still be measured by the volatile solids
and COD tests.
The degradation of carbohydrates in alkaline solutions
has been extensively-.studied (129).

The reactions occur

under both anaerobic and aerobic conditions, and result in
a wide variety of products.

Reaction temperature and

concentration of base are important variables.

If anaerobic

conditons are maintained during the alkaline degradation
reactions, the oxidation level (COD) of the reaction mixture
should remain constant.
The

$ - elimination mechanism is thought to be most

significant in the anaerobic alkaline degradation reactions
(129).

Saccharinic acids are major degradation products

along with a wide variety of acids and aldehydes.

Typical

acids formed by alkaline degradation of carbohydrates include
gluconic, glycolic, glyceric, oxalic and formic acids.

Signi

ficant amounts of 1-3-carbon acids can also be formed.
Aldehydes formed may include acetaldehyde, propionaldehyde,
glyceraldehyde and others.
The volatile organic acid analyses test described
earlier was applied to the alkaline feed solutions. Organic
acids

(reported as acetic acid equivalent) ranged from 460

to 1610 g/m
solids.

in the alkaline feed solutions of about 1 wt%

The absolute values of the volatile organic acid

test results probably have little meaning.

The results do

indicate that significant amounts of organic acids were
produced.
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An experiment was conducted to verify the fact that
alkaline degradation of carbohydrates was detected by the
total carbohydrate analyses.

Solutions containing approxi

mately 1 wt% soluble starch in alkaline solutions were
prepared.

Sodium hydroxide concentrations of 0.1 and 1.0

normal were used.

The solutions in capped test tubes were

immersed in a boiling water bath for periods up to 3 hours.
Samples were removed at various times and analyzed by the
total carbohydrates test.

There was a linear decrease in

total carbohydrates over time.

The rate of degradation was

30% higher in the 1.0N NaOH solution than in the 0.1N NaOH
solution.

In a 1.0N NaOH solution at 100°C, about 50%

reduction in total carbohydrates occurred in a period of
2 hours.
COD
The COD results averaged about 130% of volatile solids
and about 80% of the total solids results.

Since pure

starch has a COD value of 1.2 kg COD/kg, it seems probable
that a more reduced organic substance was present in the
alkaline waste.

For example, propionic acid may be formed

during alkaline degradation.

Propionic acid has a theoretical

COD of 1.5 kg COD/kg, and would therefore raise the COD
ratio of the alkaline waste.

The volatile organic acid

test did indicate the presence of acids in the waste.
There is another possible explanation for the high
COD/VS ratio of the alkaline waste.

Alkaline degradation
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of carbohydrates is known to form aldehydes and other sub
stances.

The COD test, which involves a reflux step, could

measure the COD contribution of low molecular weight
aldehydes.

However, ‘these compounds would be volatilized in

the total solids analysis and therefore would not be measured
as volatile solids.
Generally, a substrate - specific analytical test is
preferred in fermentation studies.

However, the complexities

of the alkaline peel waste with its degradation products
prevent the use of the total carbohydrates analysis as an
anaerobic digestion performance test.

Therefore, the COD

test was chosen as the bases for analyses of feeds and
effluents in anaerobic digestion.

Fortunately, anaerobic

digestion performance and methane production are directly
related to changes in COD as discussed earlier.

Because

of the correlation observed between volatile solids and
COD, volatile solids can be used in routine samples to
monitor anaerobic digestion performance.
Two-Stage Anaerobic Digestion
Much of the bench-scale anaerobic digestion research
was conducted with a two-stage process.

The acid-forming

stage was physically separated from the methane stage.
Both operational and analytical considerations favored the
two stage process over the single stage system in the bench
scale studies.
1.

The reasons for this include:

The nature of the digester feed.

The digester feed
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consisted of a readily biodegradable substrate
in a highly alkaline solution.

If feed was

introduced too quickly, a high pH shock to the
system resulted.

Neutralization using acid was

then required to return the system pH to the
desired level.

Then, because the substrate was so

biodegradable, acid production was rapid and the
digestion pH dropped.
then required.

Neutralization with base was

When the alkaline feed rate was

optimum, organic acid production matched the
feed alkalinity and digester pH was stable.
2.

The nature of anaerobic digestion.

The acid forming

step is much faster and less susceptible to pH
shocks than the methane forming step.

Therefore

the pH shocks during upset conditons were best
handled in a separate acid-stage fermenter.
Relatively long retention times are required in anaerobic
digestion.

If slow, continuous feed addition is used, many

problems with feed settling and degradation, solids deposition
in lines and plugging occur.
addition is preferred.

Therefore, semi-continuous feed

With this type of feed addition,

acid formation and carbon dioxide evolution occur quickly.
Methane production is relatively slower.

Digestion gas

measurement and analysis is very diffiuclt with this unsteady
operation.

However, two-stage digestion results in a relatively

steady gas production and composition.
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Anaerobic Digestion with Added Nutrients
Additional nutrients were added to the alkaline peel
waste in early anaerobic digestion studies.

These nutrients

and their concentrations in the digester feeds are given
in Table A-4 of the Appendix.
The anaerobic digestion system employed was the same
as that in Figure 3.

Anaerobic digestion conditions are

shown below in Table 9.
TABLE 9
TWO-STAGE ANAEROBIC DIGESTION CONDITIONS
Symbol

Component

Volume
(L)

Feed
(L/d)

Retention
Time
(days)

1.0

Temp.
(°C)
0°C

F

Feed

A

Acid Stage

2.0

1.0 of F

2.0

37°C

B

First CH4

4.0

1.0 of A

4.0

37°C

C

Second CH,

4.0

1.0 of B

4.0

37°C

All systems were agitated during feed addition.
culation was used for components A-C.

Gas recir

Cells were allowed to

settle and remain in the fermenters.
Results of anaerobic digestion with added nutrients
are given in Table 10.
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TABLE 10
RESULTS OF ANAEROBIC DIGESTION WITH
ADDED NUTRIENTS

Feed*
Total Carb.

(g/m )

5460

Volatile Acids (g/m^)
Protein (g/m^)

—

pH
Total Gas (L/d)
CH4 (mol %)
CH,

*

(L/d)

Acid
Fermenter

First
CH^Fer.

Second
CH^Fer.

530

150

100

2400

670

290

700

440

250

5.8

7.15

7.32

0.340

3.170

0.360

25

73

77

0.09

2.31

0.28

Feed consisted of an alkaline and steam peel waste mixture.
Total solids were 1.00 wt% and volatile solids were 0.83 wt%.
The results show that 98% of the total carbohydrate in

the feed

was

consumed.

About 90% of the total carbohydrate

in the feed was consumed in the acid stage fermenter.

The

high acid concentration in the acid stage effluent was
reduced by 72% and 16% in the first and second methane stage
fermenters, respectively.

The first methane fermenter

produced over 80% of the total methane obtained from the
system.

Theoretically, 3 moles of methane can be produced

from a mole of glucose.

Using the total carbohydrate

analyses, theoretical methane production was 2.04 L/d.
daily methane production from the system was 2.68 L/d.

Total
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Actual methane production was greater than that
calculated on the basis of total carbohydrate analyses.
Obviously, methane was being produced from the non-carbohydrate part of the s'ubstrate as well.

This observation

led to the substitution of the COD analyses for the total
carbohydrate test as a measure of substrate.

If the average

COD to total carbohydrate ratio of 1.4 is assumed,
theoretical methane production in the above system was 2.9 L/d.
This is very close to the measured value, and nearly complete
conversion is indicated.

The low concentration of volatile

organic acids in the effluent support this estimate.
Incomplete Separation of Stages
In the early two-stage digestion studies, complete
separation of the acid and methane forming stages in the
two fermenters was not achieved.

Many attempts were made

to eliminate the methane bacteria present in the acid stage
fermenter.

Alkaline shocks, oxygen poisoning by aeration,

and other methods were tried to effect complete separation
of the stages.

Each method worked temporarily, with the

cessation of methane production in the acid stage.

However,

methane production gradually returned, usually within a
week.
The anaerobic digestion system of Figure 3, and Tables
9 and A-4 was fed with an alkaline and steam peel waste
mixture.

In this case, the solids ratio of steam to alkaline
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peel waste was known to be 1:3, with a composition shown
below.

Table 11 gives the results of analyses of the

digester system performance.
TABLE 11
RESULTS OF ANAEROBIC DIGESTION WITH
INCOMPLETE STAGE SEPARATION

Feed*

Acid
Ferm.

5980 .

2020

120

110

Volatile Acids (g/m^)

2260

670

290

PH

6.34

7.27

7.28

Total Gas (L/d)

0.35

2.90

0.25

18

69

80

0.06

2.00

0.20

Total Carb.

CH4 (mol %)
CHi

(L/d)

(g/m )

First
CH^Ferm.

Second
CH^Ferm.

* Feed contained 1.06 wt% total solids and 0.84 wt% volatile
solids.
Again, the analyses indicate high conversion of the
total carbohydrates and acids in the system.

Total methane

production was 2.26 L/d, which was only 77% of the theoretical
value calculated using the 1.4 COD/total carbohydrate
assumption.

It is important to note the relatively high

carbohydrate content and methane composition in the acid
stage.

When feed was interrupted to the system, the methane

composition of the acid fermenter rose quickly to 25 mol%.
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Production of methane in the acid stage is not desired, as
the high carbon dioxide content reduces the utility of the
off-gases.
Two-Stage Anaerobic Digestion With Complete
Stage Separation
Complete separation of the acid and methane stages was
achieved by changes in the operation of the acid stage fermenter.
Previously, a settled bacterial sludge was allowed to remain
in the acid fermenter as-in the methane fermenter.

However,

methane bacteria apparently accumulated in the sludge layer
and resulted in incomplete stage separation.

In fact, the

buildup of methane bacteria was actually visible.

The acid

forming bacteria form white floes that were colored orange
by the sweet potato pigments.

The methane forming bacteria

agglomerate to form black floes.

As the population of

methane bacteria increased in the acid fermenter, the sludge
darkened in color and the methane content of the gases
increased.

A complete color change from orange to black was

observed in acid fermenters as the sludge age increased.
The acid stage fermenter was changed from the settled
sludge type to a well mixed one.

During the 8 hour feed

addition, the fermenter was agitated by gas recirculation.
A continual overflow equivalent to the feed was maintained.
The fermenter was still allowed to stand between feed
periods.
effected.

In this way, "washout" of the methane bacteria was
The acid stage fermenter was operated for long
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periods without any detectable methane production.
The two-stage anaerobic digestion system shown in Figure
3 was operated with the conditions of Table 9 except for
the acid stage modification just described.
nutrients were added to fermenter feeds.

No additional

Four concentrated

feed solutions were prepared and diluted to form the digester
feeds.

The compositions of the concentrated feeds and the

dilution factors used in dilute feed preparation are shown
in Table 12.
TABLE 12
CONCENTRATED FEED SOLUTIONS FOR TWO-STAGE
ANAEROBIC DIGESTION STUDY
1_

Anlaysis

Feed Numbers
2
3

4

2.28

2.17

2.60

5.05

1.40

1.31

1.55

3.27

Total Carbohydrates (wt%)

0.938

0.983

1.138 2.383

COD (wt%)

1.728

1.840

1.993 3.891

650

460

650

1250

Alkalinity (mol/kg solids)

4.4

4.6

3.1

2i7

Dilution Factor

2.0

2.0

2.0

3.9

Dilute Volatile Solids (wt%) 0.700

0.655

Total Solids

(wt%)

Volatile Solids (wt%)

Volatile Acids

(g/m^)

0.775 0.844

Dilute COD (wt%)

0.86

0.92

1.00

1.00

COD/VS ratio

1.23

1.41

1.29

1.19

1

8

14

Feed Period (day began
in Table A-5)
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Feed solution number 1 was used in startup, and numbers
2-4 used in steady operation.

These concentrated feeds

show certain trends associated with concentration.

The

COD/VS ratio of the s'olutions dropped as concentration
increased.

The dilution factors used for final digester

feed preparation were based on COD.

Therefore, the COD/VS

trend caused volatile solids concentration to increase in
dilute feed numbered 2-4.
cause these effects.

Analytical error could easily

As the feed concentration increased,

suspended solids loss on the walls of pipets and other
glassware increased.

The tendency to underestimate the

actual COD would therefore increase with increasing feed
concentration.
difficulty.

Attempts were made to overcome this

Still, sampling errors were unavoidable with

the alkaline solids suspensions.
Daily operating data (after start-up) of the two-stage
anaerobic digestion system are given in Table A-5 of the
Appendix.

As in the earlier studies, most of the methane

was produced in the first methane fermenter at a residence
time of 4 days.

The new operating scheme for the acid

forming fermenter worked quite well.

Complete separation

of the acid and methane forming stages was achieved after
the sixth day.

The extended operation using diluted alkali

peels alone proved that additional nutrient addition
(Table A-4) was unnecessary.

The gas compositions averaged

about 68 and 74 mol% CH^ in the first and second methane
fermenters, respectively.
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The total daily methane production history for the
two-stage anaerobic digestion system is shown in Figure 7.
A period of time was required to reach steady state.
Therefore, the average gas production of the system was
based on the data for the last two operating days on a
given feed.

These results are given below in Table 13.
TABLE 13
AVERAGE METHANE PRODUCTION IN TWO-STAGE
ANAEROBIC DIGESTION

Feed
Number

Volatile
Solids

COD

Two-Stage
Methane Production
(L/gCOD)
(L/d)
(L/gVS)

(E/d)

(E/d)

2

6.55

9.20

2.78

0.42

0.30

3

7.75

10.00

2.91

0.38

0.29

4

8.44

10.00

3.61

0.43

0.36

0.41

0.32

0.027

0.038

6.5

12.0

Mean
S. D.
C. V. (%)

<5
Average methane production was 0.32 m /kg of COD.
Theoretical methane production is 0.35 m /kg of COD.
methane production was about 90% of theoretical.

Thus

The

variability of specific methane production was higher with
the COD analysis than with the volatile solids analysis.
This reflects the analytical difficulties inherent in the
COD test.

Days

Table 12 Feed
Number

1-7
7-14
14-22

2

6

10

14

Time (days)
FIGURE 7.

TOTAL METHANE PRODUCTION HISTORY
FOR TWO-STAGE ANAEROBIC DIGESTION
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Gas production was not constant during a 24 hour
period.

Initial rates were higher than final rates.

The

progression of gas production on a typical operating day
(number 7) is shown in Figure 8.
composition was measured.

Only the final methane

However, other studies have

shown that gas composition does not vary significantly
during two-stage anaerobic digestion.
A complete analysis ,of the steady state effluents from
the anaerobic digestion system was performed.

Due to the

series nature of the set up, staggered sampling was performed.
The acid fermenter effluent was sampled on day 4, the first
methane fermenter on day 6, and the second methane fermenter
on day 8.

Results of analysis of the feed, effluent and gas

production of two stage anaerobic digestion is given in
Table 14.

The total gas, methane composition and production

correspond to the sampling day.
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.5

.5

Total

Gas

(L)

.0

.0

.5

O

1st CH, Fermenter

A

2nd CH, Fermenter

0

5

4

8

12

16

20

Time (hours)
FIGURE 8.

TWO-STAGE GAS PROGRESSION

24
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TABLE 14
RESULTS OF TWO-STAGE ANAEROBIC
DIGESTION STUDY

11
Alkaline
Feed

Analysis
Feed

£2
Acid
Stage

#3
First
Methane

14
Second
Methane

--

#1

#2

#3

1.10

0.88

—

0.44

Volatile Solids (wt%) 0.654

0.550

—

0.110

pH

12

6.74

7.16

7.45

COD (wt%)

0.92

—

—

0.110

4920

1770

470

93

Volatile Acids (g/m^)

460

2400

Protein (g/m^)

—

710

Total Gas (L/d)

—

0.13

3.78

0.12

CH4 (mol %)

—

1

"69

74

Total Solids

Carbohydrate

(wt%)

(g/m**)

CH4 (L/d)

3.22*

0.001

110
360

2.61

70
270

0.09

*Maximum theoretical CH4=0.35 L/g COD fed = 3.22 L/d
Fermenter Conditions:

1.0 L/d Alkaline Feed

Acid Fermenter 2.0 L; First, Second Methane Fermenters 4.0 L
Series Operation; 37°C Temperature
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On the sample days measured, total methane production
was about 84% of theoretical.

Total COD reduction was

87%, which agreed quite well with the methane data.

A high

bacterial protein concentration is noted in the acid stage
effluent.

The first methane fermenter with a retention

time of 4 days, produced over 95% of the total methane.

Two

stage anaerobic digestion was shown to be a predictable,
reliable process.

The following methane performance values

are derived from Table 14 for the first stage fermenter:
CH^ Production = 0.65 m 3/m3 fermenter/day
= 0.24 m 3/kg alkaline solids
= 0.40 m 3/kg volatile solids
= 0 . 2 8 m 3/kg COD
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Single Stage Anaerobic Digestion Studies
Single stage anaerobic digestion was less desirable on
the bench scale than the two stage mode.

Several single

stage studies were conducted to determine the effects of
high solids concentration and temperature.

The digester

consisted of a 4.0 L Erlenmeyer flask with associated tubing
and gas measuring cylinders.
used for temperature control

An incubator-shaker was
and agitation (150 rpm). The

fermenter was inoculated with primary sludge from the
Baton Rouge sewage plant.

A high concentration of bacterial

sludge was maintained in thedigester.
stopped, a sludge layer of about
fermenter within an hour.

When agitation

was

1.0 L formed in the

The fermenter temperature was

maintained at 37°C during the high alkaline solids experiments.
The fermenter was acclimated to alkaline peel waste
over a period of about three weeks.

A concentrated feed

solution of 2.5 wt% total alkaline peel solids was fed to
the fermenter for a period of two weeks.

Daily feed volume

was 0.5 L, for a retention time of 8 days in the single
stage fermenter.

After two days of nearly constant daily

methane production and constant effluent composition, the
analyses results shown in Table 15 were obtained.
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TABLE 15
RESULTS OF 2.5 wt % ALKALINE
SOLIDS ANAEROBIC DIGESTION STUDY
Conversion
Analysis

Feed

Effluent

(%)

Total Solids (wt %)

2.54

1.25

50.8

1.59

0.59

63.2

pH

12

7.06

COD (wt %)

2.114

1.128

Volatile Acids (g/m^)

1610

1850

Total Gas (L/d)

--

4.41

CH4 (mol 7o)

--

CH4 (L/d)

3.70*

Volatile Solids (wt

%)

46.6

52.9
2.34

63.2

*Maximum theoretical CH4=0.35 L/g COD fed = 3.70 L/d
Fermenter Conditions:

0.5 L Alkaline Feed per day
4.0 L Liquid Volume Fermenter
8.0 day Residence Time
37°C Temperature
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Results indicate only moderate (60%) conversion
efficiency in the system.

Percent reduction in volatile

solids exactly match the percent of theoretical methane
production.

Volatile acid concentration in the effluent was

high, and indicate the fermenter was overloaded at these
conditions.

Still, fermenter pH remained at 7.06 since

much sodium was available as a buffer.
The effects of even higher solids concentrations were
studied.

The solids concentration was increased to 4.06 wt%

total solids and 2.44 wt% volatile solids in the digester
feed.

This level was maintained for 2 days, and was

immediately followed by a six day period of 5.5 wt% total
solids concentration in the feed.

The high solids concen

tration operating data are given in Table A-6 of the Appendix.
Figure 9 gives the daily methane production history.

A

steady state was not achieved in the high solids concentration
study.

Methane production increased as solids concentration

in the feed increased.

However, daily methane production

dropped past day 8, and severe digester overloading was
indicated.

The high solids run was discontinued on day 10

after sampling.
of these samples.

Table 16 gives the results of analyses
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(L/d)
Methane

4.0

3.0

Daily

5.0

Production

6.0

2.0

1.0

2

4

6

.

8

10

•

Time (days)
FIGURE. 9.

METHANE PRODUCTION HISTORY AT
HIGH SOLIDS CONCENTRATION
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TABLE 16
RESULTS OF 5.5 wt % ALKALINE SOLIDS FEED
ANAEROBIC DIGESTION STUDY
*
«

Conversion
(%)

Analysis

Feed

Effluent

Total Solids <wt%)

5.55

2.60

53.2

Volatile Solids (wt%)

3.31

1.28

62.9

7.3

7.10

5.75

2.30

Volatile Acids (g/m^)

--

5760

Total Gas (L/d)

--

8.82

pH
COD (wt%)

CH4 (mol

%)

--

CH4 (L/d)
*

10.06*

44.5
3.92

Maximum theoretical CH4 = 0.35 m^/kg COD fed.
Fermenter Conditions:
0.5 L Alkaline
4.0 L Fermenter liquid volume
8.0 Day residence time
37°C Temperature

60.0

39.0

Ill

The percent conversions of total and volatile solids
and COD have little meaning since the system had not achieved
steady state.

The per cent of theoretical methane production

is more representative of the system, since it does not
exhibit the hydraulic lag times of the liquid analysis.

The

40% of theoretical methane production indicates that the
fermenter was overloaded.

The fermenter stress was also

indicated by the high (4000 g/m^) volatile acid content
in the effluent.

There are many possible explanations for

the poor fermenter performance at high solids concentrations.
One factor was the loading shock to the system caused
by the high solids concentrations.

The 5.5 wt% fermenter

feed was partially degraded, as shown by the 7.3 pH value
*

of the feed.

Lactic acid or other degradation products may

have inhibited the reaction.

As sqlids concentration

increased, the concentration of sodium ions also increased.
Inhibitory, though not toxic, levels of sodium may have
existed at the high solids concentrations.

More study is

needed on the effects of high alkaline solids concentration
on anaerobic digestion.

No conclusions can be reached from

the limited experimental study just described.
The Effects of Temperature on Methane Production Rates
Methane production versus time curves in the semicontinuous mode were usually very similar to that shown
in Figure 8.

This hyperbolic-type curve is common in

biochemistry and microbiology.

The Monod equation describes

this type of curve quite well.
However, the methane production versus time curve in
the last day of the high solids concentration study was very
different.

It exhibited a linearity over the second 12

hours of the semi-continuous (daily feed) fermentation
period.

This linearity allowed accurate determination of

the constant methane production rate.

It also provided an

opportunity to easily study the effects of temperature on
methane production.

Therefore, a series of experiments

were conducted in which the fermenter temperature was varied
and the rate of methane production measured.
The constant methane production rate was noted only
in the high solids concentration study.

Here, the fermenter

was overloaded and contained a high residual volatile or
ganic acid concentration.

The reason for this phenomena is

easily explained by examining the coupled Monod equations
for cell growth and product formation:
dx =_ -y
dS _
J
-r— =
3t
dt
-t—

11

V

v

ym x

ym x

S
S+K

— -

S+K

d'
Where:

(1)
(2)
(3)

p is the product methane
k is the methane yield on substrate
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In anaerobic digestion, the cell yield (y) on substrate
is quite low.

A typical value of y is 0.04 kg cells/kg

substrate consumed.

The ratio of the product to cell change

(equation 3) is then very high.

The maximum cell growth

rate:

i

C

at

|1

m

then X/Xo = exp ( P

S
t)

where Xo is the initial cell concentration.
For low values of P m
exp ( P

r

m

:

t) = 1 +

X/Xo = 1 +

P

m

P

m

t

t

An average cell concentration X can then be approxi
mated by:
x =

Xo = Xo [ l +

Since a typical value of p

|]

is 0.012 h""'*' (Table 4),

the average cell concentration is within 10% of the initial
concentration for periods up to 17 hours.

Because of limited

substrate and cell death rates, an average cell concentra
tion can be assumed in anaerobic digestion for even longer
periods.
The average cell concentration can be substituted in
equation (2):
dp _ k
y Pm

^
A
“

S
S+K
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For large values of S as would be found in an overloaded
fermenter:
S»K

The parameters k
given substrate.

and y are generally constant for a

The specific growth rate Pm is strongly

temperature dependent.

Therefore the methane production

rate at a given temperature is directly related to the
maximum growth rate at high substrate concentrations.
The 4-L fermenter was operated in an overloaded, batch
mode.

It was fed 0.5 L of 5.5 wt% alkaline peels occasionally

to maintain the overloaded condition.
production versus

time

A typical methane

curve is shown in Figure 10.

temperature in this case was 43°C.

The

Note the linear methane

production rate after the initial 12 hour period of acid
and carbon dioxide formation.

Methane production in the

first 12 hours was difficult to calculate.

Gas volume and

composition were frequently measured, but several dead
spaces in the gas system obscured results.

Therefore the

methane production values in the first 12 hours of the
batch are only estimates.

Gas production was easily measured

in the linear part of the curve since gas composition was
constant.
In any anaerobic digestion system, it is very difficult
to measure the concentration of viable bacteria.

This was
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especially true in this fermenter as a heavy bacterial
sludge was maintained.
fermenter contents.

Samples were taken of the well-mixed

At the normal agitation speed of 150 rpm,

the bacterial sludge was completely suspended.

Agitation was

then stopped, and the bacterial sludge was allowed to settle.
Nearly complete settling occurred in 1 hour.
fermenter contents were then sampled.

The clarified

Results of the well-

mixed and clarified samples are given below.
WellMixed

Analysis

Clarified

Total Solids (wt %)

4.00

2.60

Volatile Solids (wt %)

2.01

1.28

The well mixed sample contained about 35% greater solids
and volatile solids than the clarified sample.

The well

mixed sample was also centrifuged, the pellet washed,
centrifuged, and dried to obtain an estimate of bacterial
sludge.

The suspended solids obtained in this way measured

1.85 wt% of the well-mixed sample.

The fraction of viable

cells in this bacterial sludge cannot be determined.

There

fore the 1.85 wt% value represents a maximum value for the
cell concentration Y.
The temperatures were varied in the following order:
37°C, 28°C, 20°C, 43°C, 24°C.

At each temperature, a

linear methane production versus time relationship existed.
The constant methane production rate was calculated over
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several time periods of 4-5 hours.

These values are

given along with the corresponding temperature in Table 17.
3
3
The relative methane production values (m /(m *d) are also
given for the 4.0-L fermenter.
TABLE 17
METHANE PRODUCTION RATES
VERSUS TEMPERATURE
Temperature

Methane Production

(°C)

(mL/h)

m 3/(m3-d)

20

13

0.078

24

24

0.144

28

37

0.222

37

101

0.606

40

84

0.504

43

67

0.402

The maximum production rate of methane was found at
37°C.

This temperature is often cited as the mesophilic

optimum temperature.

Below it, methane production rates

decrease with decreasing temperature in a normal manner.
Above 37°C, methane production rates decrease with
increasing temperature.

This phenomena is very common in

biochemistry and microbiology.

It is usually caused by

heat denaturation of proteins and enzymes.

Typically, a

temperature of about 45 °C results in slow rates of
denaturation.
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The Arrhenius equation is often used to correlate
kinetic data with temperature:
k - Ae-E/RT
where:

A is the frequency factor
E is the activation energy, J/mol
R is the gas constant,' 8.314 J/(mol

k)

T is the absolute temperature
Writing the equation in logarithmic form:
In k = In A - E/RT
Therefore a plot of In k versus 1/T should result in a
straight line with a slope -E/R, if the Arrhenius equation
holds.

For:
k = m 3 CH^/(m3,d)

the data in Table 17 is plotted as-shown above in Figure 11.'
The methane production rates, when taken

as rate

constants, do form a straight line between 20

- 37°C.

The

regression line for the plot is Figure 11 in the 20 - 37°C
temperature range i s :
In k = 35.29 - 1.108 x 104 (1/T)
An excellent correlation coefficient of 0.997

isobtained

for the Arrhenius plot.
The activation energy calculated from the slope of
the equation i s :
E = 92.1 kJ/mol

(22.0 kcal/mol)
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This value of the activation energy is within the
normal range for many chemical reactions.

However, simple

enzyme reactions typically have activation energies in the
range of 30 - 50 kJ/mol.

Therefore the activation energy

obtained is higher than expected for simple enzyme reactions.
There are many enzyme reactions involved in the microbial
production of methane.

In the biochemical cycles, there

are many feedback loops and other metabolic control systems.
Therefore, the activation energy represents the temperature
effects on many series and parallel reactions.

The relatively

high value of the activation energy relative to values for
simple enzyme reactions should perhaps be expected.
Methane production rates were measured at least 12
hours after substrate addition.

Since the acid forming

step is very fast, the methane production rates represent
the conversion rates of organic acids to methane.

As

discussed in the Introduction, about 70% of the total
methane is produced from acetic acid.
The conversion of acetic acid to methane is an endothermic
reaction, with a heat of reaction of 18.6 kJ/mol as shown
in Table 2.

The activation energy of endothermic reactions

cannot be less than the heat of reaction.

For methane

production, the activation energy obtained was about five
times the heat of reaction of acetic acid to methane.
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The methane production rates obtained were functions
of the active biomass or viable bacteria in the system.
It was not possible to determine what fraction of the
total bacterial sludge was viable.

Therefore the Arrhenius

equation obtained is useful only in determining the relative
effects of temperature for a specific fermenter.

The

applicable equation for other ferment-ers is then:
1.104 x 104

If the mesophilic optimum of 37°C is taken as the
base case, the

or relative methane production rates

at other temperatures are as shown below:
Temperature
( °C)

Relative CH^
Production

37

1.00

30

0.44

25

0.24

20

0.13

CHAPTER V
PILOT SCALE ANAEROBIC DIGESTION
The

demonstration unit or pilot plant described

earlier was operated for a period of

six months.

It

was

proven that anaerobic digestion of commercial alkaline peel
wastes is feasible.

Some difficulties were encountered in

the pilot plant operation, but overall performance was
acceptable.

Some rather interesting results were obtained

that were attributable to the nature of the investigation.
That i s ,

the variability inherent in

the pilot scale opera

tion was

illustrative of certain anaerobic digestion charac

teristics such as temperature response.
Pilot Plant Start-Up
Large scale anaerobic digestion--«ysjtems-^ypically r e 
quire a period of about three months for start-up.

However,

much bench scale work had been performed prior to the pilot
scale investigation.

In addition, a system containing 3-

37L fermenters was operated for several months to obtain
a supply of acclimated inoculum.

Therefore, a shorter

start-up period was expected.
Start-up of the demonstration unit required a period
of about three months.

The major problem in start-up was

availability of the alkaline waste.
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The canning plant
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itself experienced supply problems during this period.
An inoculum containing methane organisms acclimated to
alkaline peel waste was added to the fermenter T-3.

The

system was purged first with.carbon dioxide and later with
nitrogen.

Feed was gradually introduced, and digester

performance monitored.

Volatile organic acid concentra

tion, pH and methane production were measured.

Reduction

in pH proved troublesome during start-up, and required
addition of sodium hydroxide.

During the first month of

operation, the pH consistently dropped below 6.0, and
methane production rates were low.

When the pH was finally

stabilized above 6.6, methane production rates increased.
Table A-7 in the Appendix gives the pilot plant operating
data during start-up.

Table A-8 lists the results of

analysis of pilot plant samples during start-up.
The methane production history of the pilot plant
during start-up is given in Figure 12.

The slope of the

curve changed somewhat during start-up. The variability
of methane production in the first 60 days was due to ac
climation of the fermenter and changes in the feed.

The

linearity and high slope of the methane production curve
during the 80-90 day period seemed promising.

The average

3
3
3
rate of methane production was 2.5 m /d or 0.16 m /(m . d)
relative to the fermenter liquid volume.

However, the

methane production rate suddenly dropped over the
day period.

95-105

The average methane production rate during
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3
3
3
this period was only 1.1 m /d or 0.07 m / (m *d).

Sample

analyses during these periods did not reveal any major
differences in system pH or volatile acid concentration.
The difference was simply due to the fermenter temperature.
During the high methane production rate period, the fer
menter temperature averaged 34°C.

The fermenter tempera

ture dropped to 27°C during the period of low methane pro
duction rate due to low ambient temperature conditions.

The

temperature change was gradual, so an exact rate versus tem
perature comparison is not possible.

For a temperature change

from 34 to 27°C, the Arrhenius relation obtained in the
bench scale study predicts a 2.3-fold difference in methane
production rates.

This matches the observed reduction in

methane production rates in the pilot plant as the tempera
ture dropped.
Pilot Plant Operation at Low Substrate Loading
*
The next phase of pilot plant operation after start
up was the maintenance of a continuous feed at low loading
conditions.

Loading is the product of feed rate and con

centration, which is equal to the substrate mass rate.
Normal concentrations (about 1 wt

%

total solids) were

maintained, and the feed rate was reduced.

The low-

loading phase of operation lasted about three weeks.

Pi

lot plant operating data are given in Table A-9 of the
Appendix.

Analyses data for this period are given in Table

A - 10 of the Appendix.
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Loading (kg / d) and methane production (m /d) were
calculated using Tables A-9 and A-10.
in Figure 13.
results.

Results are shown

There is a great deal of variation in the

Temperature fluctuations were caused by ambient

conditions.

Loading variations were due to pump mal

functions and changing alkaline waste supply.

It is, of

course, known that temperature has a significant effect
on methane.

The data in Figure 13 illustrate this, as

the extremes of methane production rates correspond to
the temperature extremes.

The effect of loading on methane

rates is less clear, though some degree of correlation
is apparent.

Loading effects were obscured somewhat by

the predominant temperature effects.

Analyses of efo
fluent samples indicated that low (100-200 g/m ) volatile
organic acid concentrations were maintained.
A summary of the results of the low loading mode
of operation is given below.

Statistic

Temp.
(°C)

Solids
Loading
(kg/d)

Mean

27.2

13.2

1.65

S.D.

5.5

7.8

0.79

C.V. (%)

20

60

Methane
Production
(m3/d)

48

Relative methane production was 0.13m /kg solids.

A

representative feed sample measured a COD/total solids
ratio of 0.83, which agreed well with the 0.85 value from
Table 8.

Relative methane production was then 0.16m /kg
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COD, which is only 46% of theoretical.

This low value is

inconsistent with the low volative organic acid concentra
tion results.

In the later part of the study, the methane

production rate stabilized at about 2 .2 m /d, as the tem
perature steadied.

This value may be more representative

of the true performance of the system.

This rate corres

ponds to 76% of theoretical methane production.
Single Stage Mode
of Operation
The next phase of research was operation of the pilot
plant in the single-stage mode.

Feed in T-l was trans

ferred continuously to the T-3 fermenter.

Operating and

analyses data are given in Tables A-ll and A-12 of the
Appendix.

The loading and methane production rates cal-

' culated from the data in Tables A-ll and A-12 are given
in Figure 14.

Statistic

A summary of the results are given below.
Solids
Loading
(kg/d)

Methane
Production
(m3/d)

T-3
Temp.
(QCj

Mean

17.0

2.41

30.8

S.D.

4.6

0.53

2.7

C.V.

(%)

27

22

8

Again, significant variations in T-3 temperature and
system loading occurred due to environmental and equip
ment factors.

The results in Figure 14 clearly show the

direct, nearly instantaneous effects of temperature on
methane production rates.

Relative methane production

'
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3
averaged 0.14 m /kg solids, which is nearly identical to
the average obtained on the low-loading mode.

Using the

results of Table 8 , the COD loading was 14.2 kg/d. Aver3
age methane production was then 0.17 m /kg COD, or 49%
3
of theoretical.
Relative to T-3 liquid volume (15.4 m ),
3
3
the average methane production rate was 0.16 m /(m • d) .
T-3 was sampled to determine fermenter performance
and axial location variations.
are given in Table 18.

Results of these analyses

It is apparent from the results

that T-3 was well-mixed, with little axial variation in
composition.

Results of the final effluent from the pilot

plant (S-5) indicate the following overall conversions of
the average feed (T-l):
Conversion
(%)

Analysis

T-l*

S-5

Total Solids (Wt%)

1.13

0.52

54

Volatile Solids (Wt%)

0.68

0.13

81

COD (Wt%)

0.95

0.32

66

*Table A-12, weighted average
Because T-3 was apparently well-mixed, a steady state
assumption results in the following CSTR- equation for
the reaction rate (r):
r = C in - C out
t
3

Where:

r = reaction rate (kg/(m

• d))
3

C in = T-l concentration (kg/m )

J

TABLE 18
ANALYSES RESULTS FOR SINGLE STAGE MODE

Day

Sample

Total
Solids
(Wt7o)

Volatile
Solids
(Wt%)
0.65

15

T-l

1.07

17

S-5

0.56

24

S-l

0.57

24

S-2

24

Volatile
Acids
(g/m3)

COD
(g/m3)

Protein
(g/m3)

BOD5
(g/m3)

9115
1420

1420

0.29

2230

. 3970

0.57

0.37

1700

3480

S-3

0.56

0.24

1540

24

S-4

0.54

0.22

620

1910

24

S-5

0.52

0.13

1690

3190

24

5-6

0.55

0.19

770

3000

1570
470

1110

500
1530
500
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3
C out = S-5 (Concentration (kg/m )
t = retention time = 10.0 days
Results in:
Analysis

Reaction Rate
(kg/(m3 « d))

Total Solids

0.61

Volatile Solids

0.55

COD

0.63

COD reduction (66%) was greater than the fraction of
theoretical methane production (49%) based on COD input.
Because of the variability in the pilot plant operation,
primarily due to T-3 temperature changes, this agreement
is thought to be acceptable.
Single Stage Operation With
Semi-Continuous Feed
The next phase of research was the operation of the
pilot plant in the single stage, semi-continuous feed
mode.

Feed in T-l was transferred within an 9-hour period

each day to the fermenter T - 3 .

Operating and analyses

data are given in Tables A-13 and A-14 of the Appendix.
Results calculated from the data in these two tables are
shown in Figure 15.

A summary of the results is given

below.

Statistic

Solids
Loading
(kg/d)

Methane
Production
(m3/d)

T-3
Temp.
(QC)

Mean

16.9

2.71

31.9

S.D.

1.9

0.36

1.9

C.V.(%)

11

13

6
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In this operation, both temperature and loading vari
ations were unusually low.

As a result, the methane

production rate was nearly constant.

The solids loading

and temperature were nearly the same as that in the single
stage, continuous feeding pilot plant mode.

However,

methane production was about 12% higher in the semicontinuous feeding mode.

Several factors may have caused

this.higher methane production.

The steady operating con

ditions in this mode were a significant improvement over
previous operations.

Mixing effects could also have been

a factor in the improved performance.

The flow patterns

within T-3 were certainly different in the semi-continuous
feeding than in the continuous feeding.

If flow channeling

was a problem (as was suspected) in the continuous feed
mode, semi-continuous feeding may have lessened the
problem.
3

Relative methane production averaged 0.16 m /kg solids.
Using the Table 8 correlation, average methane production
3
was 0.19 m /kg COD or 54% of theoretical.
Relative to
the liquid volume of T-3, the methane production rate
averaged 0.18 m^/(m^ • d ) .
Samples were taken at various axial locations of T - 3 .
Results of these analyses are given in Table 19.

All

samples were taken on day 15.
The analyses results indicate that T-3 was well-mixed.
The conversion results for the weighted average feed (T-l)
and S-5 are:
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TABLE 19
ANALYSES RESULTS FOR SINGLE STAGE, SEMICONTINUOUS FEED MODE
Total
Solids
(Wt%)

Volatile
Solids

S-l

0.47

0.16

S-2

0.47

S-3

Volatile
Acids
(s/m3)

COD
(s/m3)

Protein
(R7m3)

EH

890

4530

390

7.0

0.17

530

3790

6.9

0.46

0.17

920

2730

6.7

S-4

0.47

0.18

610

3290

S-5

0.45

0.17

290

2470

S-6

0.46

0.15

290

Sample

'•

'

3460

250

6.9
6.8

390

6.8
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Conversion
(%)

Analyses

T-l*

S-5

Total Solids (Wt%)

0.98

0.45

54

Volatile Solids (Wt%)

0.59

0.17

71

COD (Wt%)

0.82

0.247

70

*Table A-14, Weighted Average.
The steady state assumption and the CSTR-reaction rate
equation with an average retention time of 9.0 days result
in the following analyseis:
Reaction Rate
(kg/(m3 • d)

Analysis
Total Solids

0.59

Volatile Solids

0.47

COD

0.64

COD reduction of 64% was higher than the 54% of
theoretical methane production based on COD input.
difference is probably due

to errors in the use

The

of the

COD correlation for substrate.
Two-Stage Operation
The pilot plant was next operated in the two stage
mode.

Feed in T-l was transferred to T-2 where organic

acids were formed from the substrate.

The acid forming

fermenter T-2 continually discharged to T-3.

The liquid

3

volume of T-2 was maintained at 1.63 m .

Operating and

analyses data are given in Tables A-15 and A-16 of the
Appendix.

Results calculated from this data are shown
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in Figure 16.

A summary of the results are given below:
Solids
Loading
(kg/d)

Statistic

Methane
Production
(m3/d)

T-3
Temp
(°C)

Mean

14.5

2.04

28.1

S.D.

4.8

0.70

2.4

C.V.(%)

33

34

9

A great deal of variation was noted in this mode of
operation.

Both temperature and loading fluctuated widely.

Again, the temperature in T-3 affected methane production
directly.

Both the average T-3 temperature and the ambient

temperature were about 4°C lower than the previous opera
ting mode.

The loading averaged 14.5 kg/d or 85% of the

loading in the previous mode.

Relative methane production

3
3
averaged 0.14 m /kg solids, or an .estimated 0.17 m /kg
COD.

Methane production was 49% of theoretical, which

was the same as the single stage mode result.

Relative

3
3
methane production was 0.13 m /(m
• d ) , which was about
80% of the single stage result.

The reduced temperature

was the probable cause for the lower methane production
rates in the two stage mode.

Using the Arrhenius equation

described earlier and the average T-3 temperatures, the
two stage methane production results would have been only
60% of the single stage results.

Therefore, the two stage

mode performed better than expected considering the
temperature.
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Unfortunately the temperature masked the differences
between single and two stage operation.

The methane compo

sition of the gas in the two stage mode was slightly higher
than that of the single stage operation.
sitions were 62 and 59 mol
stage modes, respectively.
on day 18.

% methane

Average gas compo

for the two and single

Tl, T-2 and T-3 were sampled

Results are given in Table 20.

The analyses results indicate that T-2 performed as
expected, with the production of high concentrations of
volatile, organic acids and little change in COD.
Fermenter T-3 was apparently well-mixed, except for
entrance zone (S-l).

The volatile organic acid and COD

levels T-3 were higher than those of the previous operating
mode.

T-3 was apparently in an overloaded condition as a

result of the low temperatures.

The conversion results are

given below.
Conversion
(%)

Analyses

T-l*

S-5

Total Solids (Wt%)

0.97

0.50

48

Volatile Solids (Wt%)

0.58

0.20

66

COD (Wt%)

0.81

0.41

49

*Table A-15, Weighted Average
The steady state assumption and the CSTR-reaction rate
equation with an average retention time of 10.3 days re
sulted in the following analyses:
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TABLE 20
ANALYSES RESULTS FOR TWO-STAGE OPERATION
Total
Solids
Sample* (Wt%)

Volatile
Solids
(Wt%)

Volatile
Acids
(g/m3)

COD
(s/m3)

Protein
(g/m3)

pH

T-l

1.09

0.63

770

9840

T-2

0.79

0.47

2710

9630

430

5.8

S-l

0.51

0.22

960

5000

430

6.7

S-2

0.52

0.22

1180

3960

6.7

S-3

0.49

0.21

1070

4560

6.7

S-4

0.44

0.16

1160

3310

S-5

0.50

0.20

1320

4100

S-6

0.51

0.20

4350

^Reference to Figure 4 sample locations.

11.9

430

6.7
6.7

460

6.7
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Reaction Rate
(kg/m3 ♦ d)

Analysis
Total Solids

0.46

Volatile Solids

0.37

COD

0.39

Both reduction in COD and percent of theoretical
methane production were 49%.

These results are similar

to those of the other operating modes.

However, loading

was lower and the retention time longer than the previous
operating mode (single stage, semi-continuous feed).
Batch Operation
The final operating mode of the pilot plant study was
a two-week batch operation.

The contents of T-l and T-2

were loaded into.T-3, which was then well-mixed by pump
recirculation.
adequate mixing.

T-3 was periodically recirculated to insure
Axial position samples indicated a uni

form concentration was achieved in T - 3 .

Fermenter tempe

rature, pH, gas production and composition were then
measured over time.

Operating and analyses data of the

batch mode are given in Tables A-17 and A-18 of the
Appendix.
During the batch fermentation,

the methane concentra

tion in the digester gases increased significantly from
60.6 to 66.9 mol %.

This phenomena has been observed in

numerous bench scale studies.

The gas composition change

makes data reduction for methane production somewhat more
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difficult.

Ferraenter T-3 had a relatively large head

3
3
space volume of 16.0 m , with a liquid volume of 15.4 m .
Therefore, a small change in the composition of the head
space gas or off-gases reflects a much larger composition
change in the actual gas produced.
The transient conditions can be modeled by assuming:
1.

Digester gas is well mixed and at a constant

temperature and pressure.
2.

Gas production rate is constant.

3.

Between sample periods, the composition of the

net gas produced was constant.
The mathematical model is then:
V — = FCi - FC
dt
3

Where:

V = head space volume = 16.0 m
C = vent gas composition (mol

%

CH^)

Ci = composition (mol % CH^) of net gas produced,
assumed constant in one sample period.
3

F = gas production rate (m /d)
t = sample period time (d)
The solution of the model is straightforward:
Ci - C= exp (-Ft/V)

Ci - cD
Where:

C

= initial vent gas compostion at beginning
of sample period.

Ci = final vent gas composition at end of sample
period.
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The composition of the net gas produced in a sample
period can then be calculated by:
Ci - C0 exp (-Ft/V)
Ci = ----------- :-------1 - exp (-Ft/V)
The above equation was used to calculate methane pro
duction during the batch mode of operation.
given in Table A-19 of the Appendix.

Results are

Calculated methane

composition of net gas produced ranged from 61.8 to 81.6
mol

%

CH^.

There are several possible reasons for the in

crease in methane content of the net gas produced.

A major

factor is probably the increase in fermenter pH as organic
acids were consumed.

As the pH increased, carbon dioxide

solubility in the liquid also increased.

Another possible

factor is the delayed consumption of the more reduced organic
acids (propionic, butyric), which would result in richer
methane content of the g a s .
The total gas, methane, volatile organic acids and
COD results are shown in Figure 17.

The total gas and

methane increase linearly for the first 2-3 days before
product rates decrease with batch time.

Volatile organic

acids and COD correspondingly decrease, though the COD
results are scattered.
Over an 8.4 day batch period, reduction in COD con3
centration was 1640 g/m .

For the 15.4 m

3

fermenter,

the total COD reduced in this period was 25.3 kg COD.
With the conversion 0.35 m CH^/kg COD, the theoretical
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FIGURE 17.

PILOT PLANT BATCH MODE RESULTS
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3
methane production was 8.86 m .

During this period,

methane production calculated by the described method was
3

9.17 m .

There was only a 3% difference between calcu

lated and theoretical methane production.
The average methane production rate during the first
three days of the batch fermentation was 2.0 m /d.

This

was the same as the average methane production rate in
the previous two-stage mode of operation.

The initial

volatile organic acid concentration of the batch mode
was also the same as the average value in the two-stage
mode.

These results indicate that the two-stage system

was highly overloaded.

Based on relative volatile fatty

acid concentrations, the two-stage system had an accumu
lated substrate level equivalent to four days of operation.
The protein concentrations measured during the batch
fermentation were scattered, with an average of 360 g/m .
Protein is a measure of bacterial cells.

There was no

apparent increase in bacterial cells during the batch.
This agrees with the reported low yields of methane
bacteria on substrate.

A typical protein concentration

in bacteria is 50 wt%.

Therefore the concentration of
3
methane bacteria during was an estimated 700 g/m .
At the end of the batch period, there was no measur
able methane production.

This indicates the consumption

of all biodegradable substrate during the batch fermenta
tion.

However, residual levels of total solids, volatile
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solids and COD were present.

The bacterial cells repre

sented a small fraction of these residues.

The composi

tion of the remaining fraction of residues is not known.
The residues measured by the various analyses were
refractory to anaerobic digestion.

The concentrations of

refractory substances in the fermenter samples were .040
wt?0 total solids, 0.11 wt7o volatile solids, and 0.15 wt%
COD.

Relative to the average total solids concentration

in the two-stage feed, about 41% of the total solids were
non-biodegradable.
The biodegradable fractions can be estimated for the
feed of the two-stage mode, which immediately preceded
the batch fermentation.

As inlet concentrations were

similar for all modes of operation, these fractions may
be generally applicable.

The estimated biodegradable

fractions using the two-stage feed and batch residues
are given below:
Analyses
Total Solids (Wt%)

Two-Stage
Feed

Batch
Residues

Biodegradable
Fraction*

0.97

0.40

0.59

Volatile Solids(Wt%)

0.58

0.11

0.81

COD (Wt%)

0.81

0.15

0.81

’'Biodegradable fraction = (feed-residue)/feed
It is significant that the biodegradable solids are
nearly the same as the volatile solids.

It is equally

important that the biodegradable fractions of the volatile
solids and COD are the same.
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It is desirable to estimate the conversion efficien
cies of the biodegradable fractions of the feed.

This

adjusted conversion efficiency can be calculated by:
Eb = !t
f

Where:

= biodegradable conversion efficiency
Et = total conversion efficiency
f = biodegradable fraction

For the two-stage mode of operation, the adjusted
conversion efficiencies are given below:
Conversion Efficiency (%)
Unadjusted
Adjusted-

Analyses
Total Solids

48

81

Volatile Solids

64

79

COD

49 ’

60

For the adjusted conversion efficiencies the same
value is obtained for the total solids and volatile solids
analysis.

A discrepancy still exists when using the COD

analysis.

Note that a biodegradable term could be in

cluded in the theoretical methane production calculation.
However, it would not affect the comparison between sub
strate reduction and percent of theoretical methane if
the term were left out of both sets of calculations.

This

approach was taken in the earlier discussion.
Reaction rate calculation was based solely on the
difference between feed and effluent.

Therefore reaction
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rate remains unaffected by any non-biodegradable residue
concentration.
Pilot Plant Model Consideration
A CSTR model was used to evaluate reaction rates in
the various operational modes.
approximation.

The data supported this

Samples of T-3 at various axial positions

were very similar, which indicated good mixing.

Methane

production appeared to be insensitive to flow fluctuations,
so that a constant flow could be assumed even in the semicontinuous mode.

However, mechanical mixing was not pro

vided in T - 3 , and several flow fluctuations were quite
severe.

Therefore, some considerations must be given to

the mixing effects and sensitivity of the fermenter to
various distrubances.
Mixing Effects
Sample analyses indicated that fermenter T-3 was
well-mixed.

This would not have been true if ideal flow
3

patterns existed.

In the 15.4 m

fermenter, flow was

3

typically about 1.7 m /d with the resultant residence
time of about nine days.

The fermenter was operated at

the semicircle liquid level of 1.0 m in the 2 .0-m diameter,
9.8-m long tank.

For an open channel, semicircle flow,

the hydraulic radius is 1/4 of the diameter, or the same
as typical full pipe flow.

Assuming the fermenter contents

can be approximated by the properties of water, a Reynold's
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number of three characterized the flow as laminar.

Thus,

there was an insignificant amount of mixing due to fluid
flow.
Fermenter T-3 temperature was maintained by radiant
heaters placed beneath the tank.
T-3 reduced convective losses.

A plastic sheet around
Natural convection occur

red with a heated bottom cylindrical surface. The thermal
gradients and buoyancy effects caused convective mixing.
The Grashof number (Gr) is a dimensionless ratio of
buoyancy and viscous effects (130):
Gr = buoyancy effects
viscous effects

Gr . g2 B g ATP3.
V
Where:
p

= fluid density

3

= thermal expansion coefficient

g

= acceleration of gravity

AT

= temperature difference

D

= digester diameter

p

= fluid viscosity

The fluid properties in the digester can be approxi
mated by those of wa t e r .

The temperature difference

varied during the pilot plant operation.

After the two-

stage mode, the temperature at the bottom of the fermenter
was about 34°C, and the digester fluid about 29°C, for a
5°C temperature difference.
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The Grashof number for fermenter T-3 is then:
Gr = 8 x 1013
This high value indicates the dominance of natural
convection in the fluid motion.

Verhoff et al. (130) re-

ported typical Grashof numbers of 10
digesters.

9

- 10

12

for municipal

Thus natural convection is the mechanism by

which T-3 is mixed.

A tracer study was initiated using

fluorescein to confirm this analysis.

However, pump mal

function prevented completion of the tracer study.
Sensitivity Analysis
The sensitivity of the fermenter T-3 to various dis
turbances in the input was

animportantconsideration.

was noted earlier that T-3

appeared tobe

It

fairly insensi

tive to flow and concentration fluctuations.

A model is

useful in understanding this observation.
As natural convection appeared to have provided good
mixing in T-3, the following model is applicable:
VdC = FCi - FC - rV
“3t

(1)

Where:
V = T-3 volume = 15.4

m3

F = feed rate, m 3/d
3

Ci =inlet substrate concentration, kg/m
3

C = T-3 substrate concentration, kg/m
3

r = reaction rate, kg/(m

• d)
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The reaction rate (r) is given by the Monod model,
which can be expressed as:
r = k

C
C + K

Where:
k is a constant at a given temperature, assuming
cell concentration is constant.
K = half-velocity constant.
Zero order kinetics' or constant methane production
would occur if the substrate concentration (C) was much
greater than K and the temperature was constant.

Results

indicated that the substrate concentration was high during
the various modes of operation.

If fluctuations in flow

and concentration of the feed did not reduce T-3 substrate
concentration significantly, methane production should
have been nearly independent of feed variations.
Transient substrate concentrations during a dis
turbance period can be found by solving equation (1).
If a constant reaction rate at high concentration is
assumed:
r = k
equation (1) is easily solved by separation of variables
or Laplace transform.
For:
t

+ C = Ci - k t

The transient substrate concentration (C) is:
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C = c(exp(-t/t)) + (Ci - k t) (1 - exp(-t/t))

(2)

Where:
t = V/F = retention time
c = initial and steady state substrate concentration
Ci = inlet substrate concentration
During steady state (CSTR) operation:
C = Ci - k t
or
k = Ci - C
t
A disturbance in feed rate (F) is expressed in
equation (2) by its effect on retention time (t).

Vari

ations in feed concentration (Ci) enter equation (2)
directly.

Given the base case or steady state conditions,

equation (2) is then solved for transient concentration
C with a given disturbance.
Alternately, the time required to reach a certain
transient substrate concentration can be calculated by:
t = t In

Ci - C - kt
Ci - 5 - kt

/0\

The following base case conditions were typical for
fermenter T-3, using COD for the substrate concentration:
t = 10 days
c = 3 kg/m3
Ci = 9 kg/m3
k = 0.6 kg/(m3 • d)
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The batch fermentation results indicated that methane
production was constant when the substrate (COD) concentra3

tion was greater than 2.3 kg/m .

Therefore, if the

transient concentration in a.disturbance period was above
2.3 kg/m , methane production should have been insensitive
to the feed variations.

An increase in concentration C

above the steady state value should have no effect on
methane production.
For the base case conditions (steady state), the
time required for C to drop from 3 to 2.3 kg/m
culated using equation (3).

was cal

Results are given below for

the indicated disturbances.
Steady
State

Disturbances

Time (d)
Equation (3)
for C = 2.3 kg/m

Ci = 9

Ci = 0

0.8

Ci = 9

Ci

1.7

t = 10 d

t

= 0

0

t = 10 d

t

= 20

2.5

= 4.5

The results indicate that significant variations in
the input variables (Ci, t) require some time before T-3
concentration drops below the minimum concentration for
zero order kinetics.

To affect methane production, a

reduced feed concentration of 1/2 normal must last 1.7
days.

For a drop in flow rate to 1/2 its normal value

(retention time doubled), the disturbance period must last
2.5 days.

Thus a change by a factor of 2 in the inlet
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concentration has more effect than the corresponding
change in feed rate.
In pilot plant operation, feed concentration Ci was
fairly constant.

Flow rate fluctuations (due to pump

malfunction) were more common.

Disturbances generally

lasted for about one day, and rarely two days.

Therefore,

T-3 substrate concentration usually remained above the
minimum needed for a zero order reaction.

Methane pro

duction was therefore insensitive to feed variations.

CHAPTER VI
SINGLE CELL PROTEIN STUDY
The acid forming stage of anaerobic digestion was
studied regarding its potential for single cell protein pro
duction.

Variables included substrate type and concentra

tion, and fermenter pH and retention time.

A CSTR or

chemostat was the reactor type used in all studies.
The nature of the investigation was the screening of
conditions that might be suitable for single cell protein
production.

As fermenter productivity is a major perform

ance measurement, conditions aimed at high productivity
were emphasized.

These conditions included high substrate

concentration and low fermenter retention time.
Nearly all of the studies of the acid forming stage
reported in the literature have utilized media very rich
in nutrients.

The media generally contained protein digests

or amino acids, which can be expected to facilitate single
cell protein production.

However, such nutrients are very

expensive and would therefore lower the economic feasibility
of single cell protein production.

In the present study, a

simple mineral salts media was used rather than the complex
media common in the literature.
ed using the simple salts media.

The conditions were screen
A few experiments with

the complex media were then performed for comparison purposes.
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Performance was evaluated in each experiment by three
types of analyses ?
1.
-2.
3.

Dry bacterial cell yield.
Biuret protein yield.
Substrate (carbohydrate) conversion.

Alkaline Peel Substrate
A few experiments were performed with the alkaline
peel waste.

The waste was diluted, screened, centrifuged

and filtered as described earlier.

Total solids and vola

tile solids analyses were performed on the total dilute
feed and on the soluble fraction obtained after filtration.
The soluble feed contained an average of 73% of the total
solids concentration of the original dilute feed.

Volatile

solids recovery in the soluble fraction averaged 62%.

This

indicates that the inorganic part of the alkaline waste was
proportionally more soluble than the organic fraction.

This

was expected with the high alkalinity (sodium content) of
the peel waste.

However, the alkaline conditions favored

solubilization of the protein fraction of the waste.

This

was a desirable condition for single protein production.
The laboratory-scale fermenter was operated at 37°C
at various retention times.
was not controlled.

In this study, fermenter pH

The results of analyses of fermenter

performance at three retention times are given in Table 21.
At retention times lower than 4.5 hours, the pH of the
fermenter increased due to the alkaline feed.
could not be maintained at elevated pH.

Fermentation
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TABLE 21
FERMENTATION RESULTS
SOLUBLE ALKALINE WASTE SUBSTRATE
Retention Time (h)
Analyses

£75

H5T3

123

Feed :•
Total solids (Wt%)
Volatile solids (Wt%)

2.20
1.27

2.49
1.43

2.09
1.10

1440
360
3120
1630
0.036
5.88

1140
460
4560
1180
N.D.
5.66

790
300
3480
1130
0.10
5.75

0.113
0.028

0.080
0.032

0.066
0.025

Effluent:
3
Bacterial cells (g/m )
Biuret protein (g/m3)
Organic Acids (g/m3)*
Carbohydrates (g/m3)
Total gas (L/L feed)
PH
Yields:
Cells (kg/kg VS feed)
Protein (kg/kg Vs feed)

*Silicic Acid Analysis Method, results expressed as
acetic acid (g/m3)
N.D. = not detectable
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Results in Table 21 were similar for the retention
times of 4.5 to 12.5 hours.
and fermenter pH was low.

Acid concentrations were high,
The carbohydrate concentrations

in the supernatant from the protein analysis were moderately
high, and indicated incomplete conversion.
Bacterial cells and protein yields on volatile solids
were low.

A maximum cell yield of 0.113 kg/kgVS fed was

obtained.

The cell yield increased with decreasing reten

tion times

as predicted by the maintenance energy theory.

It was proven that the acid forming stage can be ope
rated at retention times of about five hours with an alka
line peel substrate.

However, it was not possible to de

termine substrate conversions with the alkaline wastes.
Glucose was then chosen as a measurable substrate.
Effect of pH
The remaining single cell protein experiments were
performed with glucose as the substrate.

The simple salts

described in Table A-l of the Appendix was used in all but
the specified high nutrient experiments.
A series of experiments were conducted to determine
the effects of pH on the fermentation.

Results are given

in Table 22.
The maximum cell and protein yields on substrate fed
were obtained at the pH 6.7, where glucose conversion was
also highest.

Fermentation at a pH unit above or below

about 6.5 resulted in poor performance.
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TABLE 22
EFFECTS OF pH ON FERMENTATION

1

Fermenter Conditions— :

.J

3

7.7
6.5
0.44

7.0
5.6
0.25

5.3
7.5
0.48

3,480
1,270
12,960
290
1.10
0.094
0.034
99.2

3,180
1,040
6,900
5,000
6.59
0.098
0.032
86.7

1,400
860
7,920
10,000
0.48
0.076
0.047
49.3

Retention time (h)
pH
2
NaOH addition (mol/L) —

4
6.2
6.7
0.34

Fermentation Analysis:
3

Bacterial cells (g/m )
Biuret protein (g/m3)
Organic acids (g/m3)
Carbohydrates (g/m3)
Total gas (m3/m3)3
Cell yield (kg/kg)4 ,
Protein yield (kg/kg)— e
Glucose conversion

1

4,500
1,430
11,160
250
3.27
0.121
0.038
99.3

3

—Feed =37.5 kg/m glucose concentration.
2
—NaOH addition to control pH, mol NaOH/L feed.

3

—Total gas evolved, m

3

gas/m

3

feed.

4

—Yields, kg/kg glucose consumed.
-Glucose conversion to organic acids, C0«, H 9 , and bacterial
cells.
z
z
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The worst performance was observed at a pH of 7.5,
where glucose conversion was only 49%.

The highest protein

yield, 0.047 kg/kg glucose consumed, was noted at this pH.
However, the low glucose conversion reduces the value of
this performance measurement.
The gas produced was primarily carbon dioxide. The GC
analyses indicated low hydrogen concentrations between 1
and 2 mol %.

However, hydrogen analysis was not reliable

so these concentrations are only estimates.

As the fer

menter pH dropped, total gas production increased because
of decreasing carbon dioxide solubility.
High concentrations of organic acids were produced.
3
A maximum concentration of about 13,000 g/m organic acids
(expressed as acetic acid) was reached.

A sample from

experiment number 1 was analyzed for individual volatile
organic acids.

The organic acid distribution was 12 Wt%

acetic, 22 Wt% propionic, 5 Wt% iso-butyric and 62 Wt%
butyric acids.

The high butyric acid concentration was

evident from the odor of fermenter samples.

As discussed

in the Introduction, high concentrations of reduced organic
acids are favored when hydrogen is present in even small
concentrations.

Similar organic acids distributions have

been reported in the literature (79,80).
Effect of High Substrate
Concentration
The remaining single cell protein experiments were
conducted at a pH of 6.5, which was apparently the optimum
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for fermentation.

Fermenter productivity is directly re

lated to substrate concentration.
concentration was desirable.

Therefore high substrate

Glucose concentration was

increased to 5.0 Wt% in the feed.

Retention time was de

creased until cell washout began to occur.

Results of the

high substrate concentration experiments are given in
Table 23.
Two retention times are shown in Table 23.

The fer

menter was operated at lower retention times, but perform
ance was unstable.

A retention time of 1.4 hours was main

tained for some time.

However, NaOH addition to maintain

the pH of 6.5 was only 0.06 mol/L feed, and gas production
was only 0.01 L/L feed.

The culture was nearly washed out.

Attempts to re-establish fermentation at retention times
below 3.6 hours failed repeatedly.
Fermentation at 5 Wt% glucose resulted in essentially
the same cell and protein yields as found at 3.75 Wt%
glucose (Table 22).

Glucose conversions were lower at the

5 Wt% substrate concentration.
were also lower.

However, retention times

Organic acid concentrations were high,

and again butyric acid was the predominant one.

Fermenta

tion conditions of 5 Wt%> substrate and less than five hour
retention time are excessive for the acid-forming organisms.
The 74-84% glucose conversion is unacceptable.
Cell and protein yields of 0.10 and 0.04 kg/kg glucose
consumed are low for single cell protein production.
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TABLE 23
EFFECTS OF HIGH SUBSTRATE CONCENTRATION ON FERMENTATION

1

-C jA jjei. i m e i i L

Fermenter Conditions—

~~I

Retention time (h)
pH
9
NaOH addition (mol/L) — .

4.9
6.5
0.46

2
3.6
6.5
0.38

Fermentation Analysis
Bacterial cells (g/m^)
Biuret protein (g/m3)
Organic acids (g/m3)
Acetic (Wt%)
Propionic (Wt%)
i - butyric (Wt%)
n - butyric (Wt%)
Carbohydrates (g/m3)
Total gas (m3/m3)3
Cell yield (kg/kg)4
Protein yield ( k g /
Glucose conversion (%)1

1

—Feed = 50.0 kg/m

3

k

g

3,950
1,043
14,340
5
23
5
68
8,100
4.8
0.094
) 0.025
83.8

3,870
1,530
12,310
12
22
4
62
13,050
2.4 •
0.105
0.041
73.9

glucose concentration.

—NaOH addition to control pH, mol NaOH/L feed.

3

—Total gas evolved, m

3

gas/m

3

feed.

—Yields, kg/kg glucose consumed.
^Glucose conversion to organic acids, C09 , H«, and bacterial
cells.
*
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Effect of Low Substrate
Concentration
Several experiments were performed to determine the
effect of reduced substrate concentration.

The results of

fermentation with a 1.0 Wt% glucose concentration in the
feed are shown in Table 24.

The results are nearly identi

cal for the two runs with retention times ranging from 7.4
to 12.0 hours.

A cell yield of 0.18 kg/kg glucose consumed

was obtained, which was twice that of previous runs.

The

protein yield was about 0.09 kg/lcg glucose consumed, and
indicated cell protein contents of about 50%.

However, this

is only an estimate as the bovine albumen protein standard
was probably different than the actual cell protein.
Glucose conversion efficiency was nearly 100% for the
two retention times.

The organic acid distribution was

not measured, but is expected to have been similar to pre
vious studies with high butyric acid content.
The reason for the higher cell and protein yields at
lower substrate concentration is not known.

Product inhi

bition may occur at high substrate concentrations.

Other

feedback mechanisms may be responsible for reduced cell
yields at higher substrate and cell concentrations.

Cir

cumvention of this phenomena is desirable in single cell
protein production.
Effect of Complex Nutrient
Addition
Several experiments were performed to determine the
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TABLE 24
EFFECT OF-.LOW SUBSTRATE CONCENTRATION
ON FERMENTATION
Experiment
Fermenter Conditions—
Retention time (h)
PH 2
NaOH addition (mol/L) —

12.0
6.5
0.092

7.4
6.5
0.091

Fermenter Analysis

3

Bacterial cells (g/m )
Biuret protein (g/m3)
Organic acids (g/m3)
Carbohydrates (g/m3)
Total gas (m3/m3)3
Cell yield (kg/kg)4
.
Protein yield (kg/kg)—
Glucose conversion (7»)—

1800
910
3360

120
1.2
0.182
0.092
98.9

1800
850
3000
240
0.184
0.087
97.6

1
3
— Feed = 10.0 kg/m glucose concentration.
?
—NaOH addition to control pH, mol NaOH/L feed.
3
3
3
—Total gas evolved, m gas/m feed.

4

—Yields, kg/kg glucose consumed.
—Glucose conversion to organic acids, CO«, H«, and bacterial
cells.
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effect of the addition of protein digests or amino acids
to the media.

The media described in Table A-l of the Ap

pendix was prepared.

Bacto-Peptone and Bacto-Tryptone were

each added at levels of 10 Wt% of glucose in the media.
Thus a very rich, complex nutrient supply was available to
the organisms.
Two experiments were performed with the complex media.
Substrate concentrations of 1.0 and 5.0 Wt% were used, with
the results shown in Table 25.
The results shown in Table 25 indicate that the complex
nutrients did not increase performance.

Fermentation re

sults can be compared to those without complex nutrient
addition in Tables 23 and 24.

The fermentation results

are nearly the same with or without complex nutrient ad
dition.

Apparently,

the simple salts media was not de

ficient in any nutrient requirement.
The maximum cell yield obtained in all of the experi
ments was 0.18 kg/kg glucose consumed.

The maximum protein

yield was 0.09 kg/kg glucose consumed.

However, yields de

creased as substrate concentration in the feed increased.
Product inhibition was suspected but was not proven.

It

may be possible to increase cell yield at high substrate
concentrations by removal of the organic acid product.

For

example, the organic acids could be removed from the solution
by adsorption on activated carbon.

The organic acids could

then be removed by various techniques (including methane
formation) from the activated carbon.
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TABLE 25
EFFECT OF COMPLEX NUTRIENT ADDITION
ON FERMENTATION
Experiment
Fermenter Conditions
Substrate Concentration
Glucose (g/m3)
„
Bac.to-Peptone (g/m )
Bacto-Tryptone (g/m3)
Retention time (h)
pH
NaOH addition (mol/L)—

“I
50,000
5,000
5,000
5.1
6.5
0.42

1
10,000
1,000
1,000
4.0
6.5
0.05

Fermenter Analysis
Bacterial cells (g/m^)
Biuret protein (g/m^)
Organic acids (g/m3)
Carbohydrates (g/m3)
Total gas (m3/m3)2
Cell yield (kg/kg)3
Protein yield (kg/kg)-,
Glucose conversion (%) —

4,200
1,700
16,080
7,330
11.1
0.098
0.040
85.3

1,600
680
2,820
110
0.18
0.162
0.069
98.9

-NaOH addition to control pH, mol NaOH/L feed.
2
3
3
—Total gas evolved, m gas/ m feed.

3

—Yields, kg/kg glucose consumed.
^Glucose conversion to organic acids, CO«, H«, and bacterial
cells.
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The high concentrations of reduced organic acids may have
inhibited bacterial growth.

Removal of hydrogen from the

system would theoretically eliminate the formation of reduced
organic acids.

Hydrogen removal can be accomplished by inert

gas sparging or interspecies hydrogen transfer with a methane
fermenter.

This is a promising area for future research.

Determination of the mechanism and the elimination of
the reduced yield phenomena was
research.

beyond the scope of the

CHAPTER VII
CONCLUSIONS AND- RECOMMENDATIONS
Conclusions
1.

Anaerobic digestion of an alkaline food waste was

determined to be a feasible process for methane production.
2.

Alkaline potato peel wastes contain significant

quantities of carbohydrate degradation products.

Therefore

the COD rather than the total carbohydrate analysis is pre
ferred as a measure of potential substrate for methane pro
duction.
3.

The alkaline peel waste contains a very high ash

content of 40 wt
residues.

%,

due to sodium hydroxide and carbonate

However, the high sodium content of the waste

does not appear to inhibit anaerobic digestion when the
substrate concentration was 1 wt
4.

% alkaline

peel solids.

Nutrient addition to the alkaline peel waste was

found to be unnecessary for anaerobic digestion at the con
ditions studied.
5.

Two-stage (separate acid and methane fermenters)

anaerobic digestion of alkaline peel waste is a preferred
bench-scale process.
difficult to achieve.

Complete separation of the stages is
The methane bacteria can survive

extended aeration and alkaline shock treatment in the
acid fermenter.

Operation at short retention times in the

acid fermenters is an effective phase separation procedure.
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6.

In a two-stage bench-scale system at 37°C, methane

3
3
3
production averaged 0.28m /kg COD of feed and 0.65m /(m • d)
for the fermenter with a liquid retention time of only four
days.

These high efficiencies were obtained by maintenance

of a settled bacterial sludge blanket in the fermenters.
7.

Single stage anaerobic digestion with high alkaline

solids concentration in the feed resulted in poor conversions
even with high bacterial sludge levels.
8.

Temperature effects in anaerobic digestion can be

easily measured by operation of an anaerobic digester in an
overloaded state.

With this method, methane production was

shown to follow an Arrhenius relationship.

The activation

energy of methane production was found to be 92.1 kJ/mol.
9.

Anaerobic digestion of alkaline peel wastes was

demonstrated in a pilot plant with a 15.4-m
menter.

methane fer

A feed of 1.0 Wt% total solids and a retention time

of eight days resulted in methane production of 0.16m /kg
solids or 0.18m^(m^ • d ) .
10.

Temperature was found to be the major factor in

pilot-scale anaerobic digestion, and was a cause of lower
conversion efficiency.

The absence of a significant bac

terial sludge layer in the pilot plant was another factor.
11.

Various modes of operation in the pilot plant

yielded similar results.

There appeared to be no signifi

cant difference between continuous and semi-continuous feed,
and between single and two-stage fermentation.

However,
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temperature effects obscured the differences among the modes
of operation;
12.

Reaction rates in the pilot-scale investigation

exhibited zero-order kinetics, due to the overloaded con3

ditions.

Reaction rates of 0-.6 kg COD/(m *d) in the fer

menter were observed.

A fermenter model illustrated the

relative insensitivity of methane production to daily varia
tions in the feed.
13.

Single cell protein production via acid-stage

anaerobic digestion is a novel process with much promise.
Retention times of about four hours provided about 99%
conversion efficiencies to organic acids, CO2 , 1^,

and bac

terial cells.
14.

Bacterial cells and protein yields of 0.18 and

0.09 kg/kg glucose consumed, respectively, were obtained
at 1.0 wt
15.

7o substrate

concentrations in the feed.

Increased substrate concentrations in the feed

resulted in lower bacterial and protein yields.

Product

inhibition by the organic acids was suspected.
16.

Complex nutrient addition to a simple salts media

did not improve bacterial cell and protein yields.

The

simple salts media contained sufficient nutrients for the
acid forming stage of anaerobic digestion.
Recommendations
1.

Full scale anaerobic digestion systems are recom

mended for food processing plants to reduce aeration costs
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and produce methane fuel.

However, aerobic polishing ponds

would be required to treat the anaerobic digester effluent
if there is direct discharge.
2.

The simplest anaerobic digestion system, single

stage fermentation without flow equalization, is recommended.
Additional equipment and operating costs for two-stage diges
tion or flow equalization does not appear to be justified.
3.

A bacterial sludge layer is desirable in anaerobic

digesters.

A large inocu.lum from a sewage sludge anaerobic

digester would provide the bacterial sludge layer.

Feed

distribution through the sludge layer should be provided.
4.

Single cell protein production via the acid stage

of anaerobic digestion holds great promise.
is recommended in this area.

Additional work

The reason for reduced yields

at high substrate concentration should be determined.

If

product inhibition is confirmed as the mechanism, various
product removal processes should be investigated.
5.

Theoretically, higher energy availability and

higher bacterial cell yields would result if hydrogen were
removed from the single cell protein fermenter.

The concen

trations of the reduced organic acids (propionic, butyric)
would be decreased.

The effects of inert gas sparging on

the performance of the single cell protein fermenter should
be explored.
6.

Interspecies hydrogen transfer between the single

cell protein fermenter and a methane fermenter would theor
retically increase both protein and methane yields.

The
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effects of a common vapor space for the two fermenters with
gas recirculation should be studied.

This system appears

to be optimum for simultaneous protein and methane
production.
7.

Rumen fluid would make an excellent inoculum source

for anaerobic single cell protein production.

It would be

an inherently safe source for single cell protein organisms.
The rumen fluid should also be used in studies of minimum
nutrient requirements.
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APPENDIX

^ Analyses Request
FOR: ___________________________________
DATE NEEDED: __________________________
SAMPLE NUMBER: _______________________
SAMPLE DATE: _________________ ________
SAMPLE TYPE: _________________________
SAMPLE PREPARATION INSTRUCTIONS:

ANALYSES DATE: _______________________

ANALYSES
Density (g/ml)
Residue (w%)
Volatile Solids (w7o)
COD (mg/L)
TOTAL CHO (mg/L)
ALKALINITY (meq/L)
Acid (mg/L)
Biuret Protein (mg/L)
GAS (N2/CH4 /C02)
PH
BOD5 (mg/L)
COMMENTS:

ESTIMATED
VALUE

MEASURED
VALUE
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FIGURE Al. TOTAL CARBOHYDRATE CALIBRATION CURVE
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FIGURE A2.

VOLATILE ORGANIC ACID CALIBRATION CURVE
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FIGURE A3.

BIURET PROTEIN CALIBRATION CURVE
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Table A-l
Single Cell Protein Media (127)
Media Concentration
(mL/L media)

Stock
Concentration

Nutrient
1.

Phosphorus

2M NaH2P04 -2H20

2.

Nitrogen

4M NH4C1

3.

Potassium

2M KC1

4.

Sulfur

M Na2S04 ‘10H20

4

5.

Chelating Agent

M Citric Acid

4

6.

Magnesium

0.25M MgCl2

10

7.

Calcium

0.02M CaCl2

2

8.

Trace Metals

10
note 1
10

•

10

Amount in 5 L Stock
Cone. HC1
Zn 0
FeClo•6H«0
MnClo•4H«0
Cu C1«.2h ;o
Co C1«•6H«0
H3B04
9.
10.

Molybdenum
Glucose (g)

Note 1.

0.001M Na2Mo04

50 mL
2.04 g
27.0 g
10.0 g
0.85 g
2.38 g
0.31 g
2
Varied

mL/L Solution 2 is the same as the number of (g/L)
glucose
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TABLE A-2
RESULTS OF ANALYSES OF ALKALINE PEEL
WASTES AND DIGESTER FEEDS

Sample
Number

Total
Solids
------

1

25.2

2
3

8.11
’

Volatile
Solids
(wt%)
------

Total
Carbohydrates
-------------

COD
--

14.6
5.42

4.103

5.633
6.010

6.77

4.22

4

6.11

3.73

2.830

3.864

5

5.05

3.27

2.380

3.890

6

2.54

1.59

2.114

7

2.28

1.41

1.730

8

2.17

1.31

9

1.09

0.630

0.984

10

1.07

0.647

0.915

11

1.01

0.625

0.852

12

0.900

0.583

0.860

0.983

1.840

190

TABLE A-3
RELATIVE ANALYSES RESULTS1

Sample
Number

Volatile Solids Total Carbohydrates
(VS/TS)
(TC/VS)
(TC/COD)

1

0.580

2

0.668

3

•

0.757

0.728

0.623

COD
(CQD/VS)

1.039
1.424

4

0.611

0.759

0.732

1.036

5

0.648

0.728

0.612

1.190

6

0.626

1.330

7

0.618

1.227

8

0.604

9

0.578

1.562

10

0.605

1.414

11

0.619

1.363

12

0.648

1.475

1

0.750

0.712

Total Solids (TS), Volatile Solids (VS),
Total Carbohydrates (TC)

1.405

TABLE A-4
NUTRIENTS IN EARLY ANAEROBIC
DIGESTION STUDIES

Nutrient
n h 4c i

Concentration
(milimolar)
25

Na2HP04

7

FE S04 .7H20

1.5

KC1

1.5

EDTA

(5 g/m3)

CaCl2

2

Mg 0

1.5

A1 Cl3

0.1

Zn S04 . 7H20

0.002

Mn S04 . H 20

0.03

CoC19 . 6H 2O

0.05

(NH4 )6 M o 7 0 24. 4H2)

0.002

Yeast Extract

1.0 g/m'

TABLE A-5
DAILY OPERATING DATA FOR TWO-STAGE
BENCH SCALE ANAEROBIC DIGESTION
Acid Fermenter
Day

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

Total Gas

ch4

(L/d)

(mol%)

0.220
0.260
0.060
0.130
0.190
0.140
0.270
0.180
0.130
0.120
0.140
0.100
0.060
0.040

4
2
4
1
2
2
0
0
0
0
0
0
0
0

0.180
0.130

0
0
0
0
0
0
0

PH

First CH^ Fermenter

Second CH^ Fermenter

Total Gas

Total Gas

ch4

(L/d)

(raol%)

(L/d)
6.50
6.65
6.84
6.67
6.74
6.28
6.59

ch4
(mol%)

6.40
6.45
6.50
6.62
6.58
6.37

2.520
3.725
4.760
3.850
3.780
3.780
3.850
3.710
3.710
3.520
3.750
4.130
4.100
4.165

68
67
70
69
69
69
71
68
71
69
69
68
67
67

5.95
5.89
5.20
5.40
5.00
5.30
5.78

5.180
5.250
5.150
4.800
4.870
5.180
4.900

70
67
68
67
67
66
67

— —

PH

7.00
7.10
7.15
7.14
7.18
7.16
7.25
—

7.40
7.25
7.18
7.30
7.35
7.24

0.220
0.360
0.380
0.280
0.220
0.150
0.140
0.120
0.080
0.100
0.100
0.160
0.180
0.250

77
75
73
74
75
75
75
74
75
80
82
74
73
72

7.35
7.34
7.25
7.30
7.34
7.39
7.45
7.45
7.45
7.39
7.38
7.42
7.35
7.37

0.380
0.280
0.320
0.340
0.220
0.340
0.380

70
75
73
73
74
72
72

7.32

*

—

0.140
0.200
- -

0.080

7.25
—
—

7.19
—

7.19
7.17

PH

_ —

7.33
7.34
7.34
7.25
7.28
192

*• On days 15-16, a 36 hour fei
4
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TABLE A- 6
RESULTS OF SINGLE STAGE ANAEROBIC
DIGESTION AT HIGH SOLIDS CONCENTRATIONS
Day

Feed

Total Gas

(wt% Solids)

E«

1

2.54

7.07

4.46

56.0

2.50

2

2.54

7.05

4.35

55.8

2.43

3

4.07

7.50

8.09

53.7

4.34

4

4.07

7.10

7.38

51.7

3.82

5

5.55

7.30

9.77

58.6

5.73

6

5.55

7.25

10.04

54.0

5.42

7

5.55

--

9.14

51.4

4.70

8

5.55

CM
•

(L/d)

CH^
(mol %)

9.19

'51.2

4.71

9

5.55

7.18

9.15

47.8

4.37

10

5.55

7.10

8.82

44.5

3.92

(L/d)
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TABLE A-7
PILOT PLANT
START-UP OPERATING DATA

Date
5/23
6/8
6/12
6/19
6/21
6/23
6/26

e/ii
6/30
7/1
7/2
7/3
7/7
7/8
7/10
7/11
7/14
7/15
7/18
7/25
7/28
7/30
7/31
8/1
8/2
8/3
8/4
8/5
8/6
8/7
8/8
8/9
8/10
8/11
8/12
8/13

T-l
(Feed)
(m3)
0.95
1.51
1.50
1.30
3.80
1.90
1.00
1.90
0.80
0.40
1.90
1.90
0.8
1.90
1.50
1.70
0.20
1.30
0.80
0.50
0.20
0.50
0.4
1.70
0.80
1.70
1.70
1.80

T-3
Temp.
<°c)

Net Gas Ven :ed
(m3)
(moj. % CH^)

31.1
31.0
28.3
31.7
27.8
27.2
30.0
‘31.7
31.1
31.7
31.7
31.7
32.2
31.7
32.2
32.2
32.2
32.2
32.2
28.9
28.3
28.9
31.1
30.0
31.1
32.2
31.7
32.2
32.2
32.8
32.8
34.4
33.3
33.3
33.9
35.0

0
5.95
4.25
0
0.28
0.57
1.42
1.13
3.12
3.12
3.12
2.55
6.23
0.57
1.70
1.42
2.83
0.85
5.38
3.68
2.55
0.57
2.27
1.98
3.68
2.27
1.98
1.42
1.70
1.42
0.28
2.55
1.42
5 .66
6.23
6.80

0
35
38
49
56
56
63
67
68
68
68
69
72
72
72
72
72
67
71
66
66
66
73
71
69
67
67
67
67
67
62
66
61
61
61
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TABLE A-7 (CONTINUED)

Date
8/14
8/15
8/16
8/19
8/20
8/21.
8/22
8/23
8/24
8/25
8/26
8/29
8/30
8/31
9/3
9/7

T-l
(Feed)
(m )
0.10
1.70
1.70
1.80
1.60
1.60
1.60
1.30
1.30
1.40
1.20
1.80
1.80
1.60

T-3
Temp..
.<*cj>

Net Gas Vented
(mol % CH a )
(m3)

32.8
32.2
32.2
32.8
32.8
33.9
34.4
32.2
32.8
31.7
31.7
27.8
27.2
28.9
28.9
25.6

1.70
5.10
4.25
8.50
3.96
3.76
6.23
5.95
4.25
3.96
3.12
5.38
2.55
1.70
6.51
4.81

61
60
64
64
62
61
60
60
60
60
60
62
63
62
62
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TABLE A -8
PILOT PLANT
START-UP ANALYSES DATA

Date

Sample

5/23
6/8
6/12.
6/16
6/19
6/21
6/22
6/22
6/24
6/26
6/27
6/30
7/2
7/3
7/7
7/8
7/10
7/11
7/24
7/25
7/25
7/28
7/31
7/31
8/1
8/3
8/5
8/6
8/11
8/11
8/11
8/12
8/12
8/13
8/13
8/15
8/19
8/21
8/29
9/7

Inoculum
S-3
S-3
S-3
S-3
S-3
T-2
S-3
S-3
S-3
S-3
S-3
S-3
S-3
S-3
S-3
S-3
S-3
S-3
T-l
S-3
S-3
T-l
S-3
S-3
S-4
S-3
S-3
T-l
S-l
S-4
T-l
S-5
T-l
S-5
T-l
S-3
S-5
S-2
S-2

Total
Solids
(Wt%)

Volatile
Solids
(Wt%)

Volatile
Acids
(E/m3)

pH
6.8
5.0
5.4
5.9

6.0
6.4
0.52

0.30

0.56

0.30

2900
2200
2260
2770
1160
940
340
940
1640

0.33

6.7
6.5
6 .6
6.7
6 .6
6.7
6.9
6.9
7.0
7.0
6.8
6.8
6.9

1.10
1810
430
290
1.30

1.02
870
614

1.30
0.43
1.10

0.93
0.35
0.90

2.37

1.60

670
770
890
5000
260
400
130
240

7.1
6.9
6.9
7.0
7.0
6.9
6.9
6.9
6.9

6.9
6.9
6.9
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TABLE A-9
PILOT PLANT
LOW-LOADING OPERATING DATA

Date

T-l
(Feed)
(m3)

Temp.
(°C)

T-3
Net Gas Vented
(m3)
(mol % CH*)

Pressure
(kPa)

9/7 .

0

25.6

3.96

63

101

9/8

1.02

26.7

2.83

62

114

9/10

1.59

28.9

3.40

61

114

9/12

1.25

29.4

3.68

61

114

9/13

1.51

30.6

5.66

61

110

9/15

1.21

30.0

4.81

60

111

9/17

0.95

28.9

2.27

61

111

9/18

1.14

27.2

1.70

61

109

9/20

1.51

27.8

5.10

60

112

9/21

0.87

28.3

4.81

58

110

9/23

1.36

28.9

2.83

60

112

9/25

1.78

30.0

5.38

60

112

9/27

1.78

30.0

7.36

60

108

9/29

1.74

28.9

7.65

59

108
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TABLE A-10
PILOT PLANT
LOW-LOADING ANALYSES DATA

Date

Sample

Total
Solids
(Wt%)

Volatile
Solids
(Wt7.)

Volatile
Acids
(g/m3)

EH

0.44

9/7

T-l

9/7

S-2

9/8

T-l

0.90

7.0

9/10

T-l

0.90

11.8

9/12

T-l

0.85

9/15

T-l

0.62

11.1

9/17

T-l

0.87

11,6

9/19

T-l

1.17

11.1

9/21

T-l

0.6

9/21

S-2

9/23

T-l

1.75

11.9

9/25

T-l

1.05

11.6

9/27

T-l

1.09

11.3

9/29

T-l

1.0

10/2

S-2

0.43

240

(COD = 0.707%)

7.9
190

122

6.9

7.1
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TABLE A-11
PILOT PLANT
SINGLE STAGE OPERATING DATA
T-l
(Feed)

T-3
Net Gas Vented
(m3) (mol % CH4)

Pressure
(kPa)

Ambiei
Temp
(OC)

Date

(m3)

Temp.
(OC)

10/6
10/7
10/8
10/9
10/10
10/11
10/12
10/13
10/14
10/15
10/16
10/17
10/18
10/19
10/20
10/21
10/22
10/23
12/24
10/25
10/26
10/27
10/28
10/29

1.51
1*82
1.51
1.21
1.06
1.25
1.63
1.14
1.29
1.59
1.44
0.64
1.55
1.40
1.70
1.67
1.70
1.85
1.70
1.67
1.74
1.74
1.67
1.70

22.8
26.7
28.9
30.6
31.7
33.3
33.3
30.0
27.8
27.2
31.1
32.8
34.4
33.3
30.0
30.0
30.6
32.2
33.3
32.8
32.2
32.2
32.8
30.0

2.83
2.55
3.12
3.12
3:68
3.68
5.66
5.10
2.83
3.40
4.25
4.81
4.81
5.38
3.12
3.97
4.53
4.53
5.38
5.10
4.81
4.81
5.10
3.11

62
61
61
60
59
59
58
58
58
58
58
56
56
57
57
57
57
57
57
57
58
58
58
59

105
110
110
113
113
112
112
110
113
110
110
113
111
112
112
112
112
112
110
110
111
110
108
111

23.9
22.8
27.2
30.0
28.3
25.6
25.0
23.3
22.8
27.2
26.1
26.1
20.0
22.2
15.0
16.1
18.9
24.4
18.9

Mean

1.51

30.8*

4.07

58

111

22.5

S.D.

0.29

2.7

1.15

1.6

1.8

4.8

28

3

2

C.V.O)

19

8

21.1
25.0
16.7
10.0

21

Average feed rate = 1 .51 m /d
Average T-3 residence time = 10.0 days
*Maintained an average 8°C above ambient temperature by
radiant heaters and insulation.
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TABLE A-12
PILOT PLANT
SINGLE STAGE ANALYSES DATA

Date

Sample

Total
Solids
(Wt%)

Volatile
Solids
(Wt%)

Volatile
Acids
(g/m3)
120

EH
7.1

10/2

S-2

10/6

T-l

1.00

10/6

S-l

0.46

400

7.0

10/6

S-5

0.43

500

7.1

10/7

T-l

0.84

10/7

S-2

0.45

10/8

T-l

0.82

10/8

S-2

10/9

T-l

0.88

10/9

S-5

0.44

10/10

T-l

1.43

10/10

S-5

10/11

T-l

1.6

10/12

T-l

0.91

0.54

11.7

10/12

S-5

0.53

0.24

7.0

10/12

S-4

0.56

0.28

10/13

T-l

1.69

1.04

11.9

10/14

T-l

1.38

0.84

11.3

10/14

S-4

0.54

0.23

6.8

10/15

T-l

1.04

0.61

11.6

10/15

S-5

0.57

0.23

10/16

T-l

1.0

10/16

S-5

10/17

T-l

1.0

12.0

10/18

T-l

1.3

11.1

,4

10.3

11.5
280

6.9
11.7

690

6.8
11.8

1120

7.0
12.2

530

7.2
12.0

650

910

7.0

6.9
11.9

1060

6.8
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TABLE A-12 (CONTINUED)

Date

Sample

Total
Solids
(Wt%)

Volatile
Solids
(Wt7o)

Volatile
Acids
(s/m3)

T-l

1.09

10/20

T-l

1.08

10/21

T-l

1.13

560

11.7

10/21

S-5

0.57

1300

6.8

10/22

T-l

1.17

0.69

11.9

10/23

T-l

1.10

0.65

12.0

10/23

i—i
i
CO

10.4

10/19

0.62

1660

7.1

10/23

S-4

0.77

1360

7.0

10/23

C-l

0.68

1600

6.9

10/29

T-l

1.19

12.0

10/24

S-6

1.45

6.9

10/24

S-5

0.65

7.1

10/25

T-l

1.26

11.6

10/26

T-l

1.07

0.65 (COD-0.915 Wt70

10/27

T-l

0.98

0.57

10/27

S-4

0.68

0.36

10/28

T-l

0.99

0.67

11.6

10/29

T-l

1.03

0.62

11.7

10.3

0.64

1900

Weighted average T-l total solids (Wt%) = 1.13
Estimated T-l volatile solids (Wt7<>) = 0.68
Estimated T-l COD (Wt%) = 0.95

11.-6
11.6
11.7
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TABLE A-13
PILOT PLANT
SINGLE STAGE, SEMI-CONTINUOUS FEED
OPERATING DATA

Date

T-l
(Feed)
(m3)

Temp.
(oc)

T-3
Net Gas Vented
(m3)
(mol % CH a )

Pressure
(kPa)

Ambient
Temp.
(°C)

10/30
10/31
11/1
11/2
11/3
11/4
11/5
11/6
11/7
11/8
11/9
11/10
11/11
11/12
11/13

1.70
1.67
1.70
1.67
1.70
1.70
1.89
1.70
1.70
1.70
1.70
1.78
1.70
1.70
1.74

28.9
28.9
29.4
30.0
31.1
32.2
31.7
32.2
32.8
33.9
34.4
34.4
34.4
33.9
32.8

3196
3.12
4.81
4.81
3.96
4.81
4.81
4.81
5.10
5.10
5.10
4.53
5.38
4.81
3.68

59
59
59
58
59
59
59
59
59
59
59
59
59
59
60

112
112
110
112
112
111
111
110
112
108
110
110
108
108
109

13.9
14.4
18.3
20.0
14.4
21.7
21.7
6.7
25.6

Mean:

1.72

32.1*

4.59

59.0

110

18.1

S.D. :

0.05

2.0

0.63

0.4

1.5

5.4

3

6

14

0.7

1

C.V.(%):

3

Average feed rate = 1.72 m /d
Average residence time = 9.0 days
^Maintained an average 14° C above ambient temperature
by radiant heaters and insulation.

26.1
22.8
18.3
12.8
17.2

30
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TABLE A-14
PILOT PLANT
SINGLE STAGE, SEMI-CONTINUOUS FEED
ANALYSES DATA

Date

Sample

Total
Solids
(Wt%)

Volatile
Solids
(Wt70)

1.09

0.73

Volatile
Acids
(g/m3)

2H '
12.0

10/30

T-l

10/30

S-5

10/31

T-l

1.02

11/1

T-l

1.04

11/1
11/2

S-5
T-l

11/3

S-l

6.7

11/3

S-3

6.7

11/3

S-4

11/3

S-5

11/4

T-l

0.92

10.1

11/5

T-l

0.83 (B0D5 = 4670 g/m3)

11.3

11/5

S-l

0.57 (COD=1040; B0D5=780g/m3)

11/6

T-l

1.01

11.5

11/6

S-5

0.55

6.7

11/7

T-l

1.0

11/8

T-l

1.03

11.2

11/9

T-l

1.16

11.3

11/10

S-5

11/11

T-l

0.89

11/12

T-l

0.78

0.46

11.2

11/13

T-l

0.83

0.49

11.6

6.7
11.7
0.63

11.6
6.5
11.7

1.04

6,8

.

6.7

950

6.8

6.8
11.0

Weighted Average T-l total solids. (Wt%) = 0.98
Estimated T-l volatile solids (Wt%) = 0.59
Estimated T-l COD (Wt%) = 0.82
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TABLE A-15
PILOT PLANT
TWO-STAGE OPERATING DATA

Date

T-l
(Feed)
(m3)

Temp.
(°C)

Pressure
(kPa)

Ambient
Temp.
(°C)

60
60
60
61
61
61
62
63
63
(63)
63
63
64
64
64
63
62
62

113
111
111
110
111
112
111
112
111
(111)
112
108
110
110
111
111
110
110

19.4
15.6
12.2
11.1
7.2
7.2
11.7
11.1
10.0
(12)
14.4
12.8
7.2
3.3
4.4
13.3
15.6
20.6

111

11.6

T-3
Net Gas Vented
(m3)
(mol % CH4)

32.8
4.81
32.8
5.38
32.2
4 ;25
5.38
29.4
1.42
28.3
2.83
27.8
26.7
3.40
26.1
2.55
26.7
2.26
(27.8) (3.7)
(3.7)
28.9
3.40
28.9
27.2
2.76
1.13
25.6
25.6
3.40
3.11
25.6
26.1 • 3.40
26.7
2.83

11/14
11/15
11/16
11/17
11/18
11/19
11/20
11/21
11/22
11/23*
11/24*
11/25
11/26
11/27
11/28
11/29
11/30
12/1

1.74
1.82
0.64
1.14
1.74
0.34
1.55
1.78
1.89
0.91
0.95
1.89
1.78
1.78
1.74
1.78
1.70
1.70

Mean:

1.49

28.1

3.29

62

S.D. :

0.48

2.4

1.18

1.4

1

4.7

2

1

41

C.V.(7o) : 32

9

36
3

Average feed rate = 1.49 m /d
Average residence time = 10.3 days
*Two-day average values in parenthesis.

205

TABLE A-16
PILOT PLANT
TWO-STAGE ANALYSES DATA

Date

Sample

Total
Solids
(Wt7o)

Volatile
Solids
(Wt%)

Volatile
Acids
(s/m3)

2«

11/15

T-l

1.09

0.64

11/16

T-l

1.04

0.61

12.0

11/17

T-l

1.07

0.62

11.8

11/18

S-5

11/19

T-l

0.99

0.53

11/20

T-l

1.02

0.60

11/21

T-l

0.95

0.54

11.5

11/22

T-l

0.95

0.54

11.5

11/24

T-l

0.94

0.55

12.0

11/25

T-l

1.01

0.58

12.0

11/26

T-l

1.02

0.61 (COD = 1.04Wt%)

12.1

11/27

T-l

0.82

0.50

11/28

T-l

1.00

0.59

11.9

11/29

T-l

0.89

0.52

11.8

11/30

T-l

0.99

0.57

11/30

S-5

790

6.7
11.8

720

11.3

11/23

6.7
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TABLE A-17
PILOT PLANT
BATCH OPERATING DATA
Time
(d)

Temp.
(°C)

P
(kPa)

0

28.9

110

0.8

29.4

112

6.76

2.83

60.8

1.8

30.0

112

6.86

3.68

61.6

2.8

31.1

112

7.00

2.83

62.8

3.8

29.4

112

7.04

1.13

64.0

4.9

33.9

114

7.08

1.13

65.2

6.7

31.7

112

1.13

65.9

8.4 .

31.7

110

0.57

66.1

12.5

31.1

108

0.91

66.9

13.5

31.1

108

0.00

66.9

2«

Net Gas Vented
Tm3T
(mol % CH^J
60.6

✓
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TABLE A-18
PILOT PLANT
BATCH ANALYSES DATA

Time
(d)

Total
Solids
(Wt7o)

Volatile
Solids
(Wt%)

Volatile
Acids
(g/m5)

COD
(g/m3)

Protei

o.o •

0.543

0.218

1340

3160

0.8

0.508

0.217

1200

2720

1.8

0.493

0.162

770

2770

2.8

0.446

0.146

530

2560

3.8

0.471

0.157

430

2500

320

4.9

0.478

0.178

180

1700

350

6.7

0..421

0.131

70

1590

310

8.4

0.411

0.124

70

1520

360

0.395

0.111

20

1620

12.5
13.5

430

380
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TABLE A-19
PILOT PLANT
BATCH MODE

Time
(d)

Gas
Vented
(m3)

0.0

Gas Composition_____
Measured
Calculated
(mol % CH4)
(mol 7o CH a )

Methane
Produce
(m3CH4)

60.6

0.8

2.83

60.8

61.8

L75

1.8

3.68

61.6

64.7

2.38

2.8

2.83

62.8

69.0

1.95

3.8

1.13

64.0

80.4

0.91

4.9

1.13

65.2

81.6

0.92

6.7

1.13

65.9

75.5

0.85

8.4

0.54

66.1

71.6

0.41

12.5

0.91

66.9

80.6

0.73

13.5

0.00

66.9
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